REPORT  DOCUMENTATION  F 


AD-A279  931 


1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE 


4.  TITLE  AND  SUBTITLE 

S+  Pej 


6.  AUTHOR(S)  " 


7.  PERFORMING  ORGANI2ATION  NAME(S)  AND  ADDRESS(ES) 

Pu 

ScUo»{ 

8.  PERFORMING  ORGANIZATfON 
REPORT  NUMBER 

KSSm  94  03  38 

9.  SPONSORING/ MONITORING  AGENCY  NAME(S)  AND  AOORESS(ES) 

llo  Aw*  ,  -lu.'/*  BI/4^ 

AFb, 

10.  SPONSORING  /  MONITORING 

AGENCY  REPORT  NUMBER 

1 

1 

11.  SUPPLEMENTARY  NOTES 

DTIC 

12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 


U  l»w4e^  Approved  for  public  releawf 

distributioa  unlinit©'!. 


M.iTLii?a»7.r:d 


Jtll^071994 

F 


13.  ABSTRACT  (Maximum  200  wordi) 

This  final  report  summarizes  the  results  obtained  on  Grant  AFOSR-9 1-025.  The 
overall  objective  of  this  basic  research  program  was  the  quantitative  investigation  of  the 
fundamental  phenomena  relevant  to  aero-thermodynamic  distortion  induced  structural 
dynamic  blade  responses  in  multistage  gas  turbine  engines  and  the  study  of  the  fundamental 
unsteady  aerodynamics  and  heat  transfer  phenomena  inherent  in  turbines.  The  technical 
approach  involved  unique  benchmark  experiments  and  also  analyses.  In  particular,  the 
flow  physics  of  multistage  blade  row  interactions  were  investigated,  with  unique  unsteady 
aerodynamic  data  obtained  and  analyses  developed  to  understand,  quantify,  and 
discriminate  the  fundamental  flow  phenomena  as  well  as  to  direct  the  modeling  of  advanced 
analyses. 


14.  SUBJECT  TERMS 


15.  NUMBER  OF  PAGES 

^2 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION  18.  SECURITY  CLASSIFICATION  19.  SECURITY  CLASSIFICATION  20.  LIMITATION  OF  ABSTRACT 
OF  REPORT  OF  THIS  PAGE  OF  ABSTRACT  .  .  ,  - 

U  1/.  Vi. 


NSN  7540-01-280-5500 


Standard  =orm  298  (Rev  2-89) 

D»d  bY  -’^^1  Sra  J39*'8 


ABSTRACT 


This  final  report  summarizes  the  results  obtained  on  Grant  AFOSR-9 1-025.  The 
overall  objective  of  this  basic  research  program  was  the  quantitative  investigation  of  the 
fundamental  phenomena  relevant  to  aero-thermodynamic  distortion  induced  structural 
dynamic  blade  responses  in  multistage  gas  turbine  engines  and  the  study  of  the  fundamental 
unsteady  aerodynamics  and  heat  transfer  phenomena  inherent  in  turbines.  The  technical 
approach  involved  unique  benchmark  experiments  and  also  analyses.  In  particular,  the 
flow  physics  of  multistage  blade  row  interacticxis  were  investigated,  with  unique  unsteady 
aerodynamic  data  obtained  and  analyses  developed  to  understand,  quantify,  and 
discriminate  the  fundamental  flow  phenomena  as  well  as  to  direct  the  modeling  of  advanced 
analyses. 

WOatTlI.  94  03  38 

Approved  for  public  releases 

distribution  \mlimited.  ; 


DUC  QUALITY  INSPECTED 

94-16976  n/ 

iiillilii# 


94  6  6  050 


TABLE  OF  CONTENTS 


ABSTRACT 

L  INTRODUCTION  1 

n.  PUBUCATTONS  1 

APPENDIX  1.  Oscillating  Cascade  Unsteady  Aerodynamics  Including  3 
Separated  Flow  Effects 

APPENDIX  n.  Rotor  Blade  Unsteady  Aerodynamic  Gust  Response  to 
Inlet  Guide  Vane  Wakb 

APPENDIX  m.  Forcing  Function  Generation  Fluid  Dynamic  Effects  on 
Compressor  Blade  Gust  Re^nse 

APPENDIX  IV.  Compressor  Blade  Row  Unsteady  Aerodynamic 
Response  to  Attached  and  Separated  Flow  Forcing 
Functions 

APPENDIX  V.  Single  Passage  Euler  Analysis  of  Oscillating  Cascade 
Unsteady  Aerodynamics  for  Arbitrary  Interblade  Phase 
Angle 

APPENDIX  VL  Acoustic  Resonance  Flow  Conditions  on  Wake 
Generated  Rotor  Blade  Gust  Response 

APPENDIX  vn.  Compressor  Unsteady  Aerodynamic  Response  to 
Rotating  Stall  and  Singe  Excitations 


I.  INTRODUCTION 


This  is  the  final  report  on  Grant  AFOSR-91-025,  a  research  program  directed  at  die 
quantitative  investigation  of  the  fundamental  unsteady  aerodynamic  phenomraa  driving 
fwced  response  in  turbomachine  blade  rows  and  the  study  of  the  fimdamental  unsteady 
aerodynamics  and  heat  tranter  phenomena  inherent  in  turbines.  The  technical  approach 
invcdved  unique  benchmark  experiments  and  also  analyses.  In  particular,  the  flow  physics 
of  multistage  blade  row  interacticms  were  investigated,  with  unique  unsteady  aerodynamic 
data  obtained  and  analyses  developed  to  understand,  quantify,  and  discriminate  the 
fundamental  flow  [dienomaia  as  well  as  to  direct  the  modeling  of  advanced  analyses. 

The  research  results  obtained  are  contained  in  bodi  die  publications  and  the  graduate 
student  theses.  The  technical  publications  are  summarized  in  the  following,  with  the 
detailed  results  and  publicatitxis  presented  in  die  appendices. 
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Oscillating  cascade  unsteady  aerodynamics 
including  separated  flow  effects 

J.  A.  Eley  and  S.  Fleeter 

Svhmtl  uf  Mechanical  Engineering,  Purdue  Univeriiiiy,  Wcxi  Lafayellc.  Indiana  47907.  USA 


Ahamd.  A  maihetnatical  model  is  developed  to  predict  the  effect  of  flow  separation  on  the  unstrady  aerodynamic  lift  and 
moment  acting  on  a  twoHlimensional  flat  plate  cascade  which  is  harmonically  oscillating  in  a  subsonic  flow  field.  The  unsteady 
flow  is  considered  to  be  a  small  perturbation  to  the  uniform  steady  (low,  with  the  steady  flow  assumed  to  separate  at  a  specified 
fixed  position  on  the  airfoil  suction  surface.  This  formulation  does  not  require  the  difference  in  the  upwash  velocity  across  the 
airfoil  in  the  separated  flow  region  to  be  determined  before  calculating  the  unsteady  pressure  difference  across  the  chordline 
of  the  airfoils,  thereby  diminating  the  assumption  that  the  upwash  difference  is  zero  at  the  trailing  edge  when  the  steady  flow 
is  separated.  Results  obtained  demonstrate  that  although  flow  separation  decreases  bending  mode  stability,  it  does  not  result 
in  bending  mode  flutter.  However,  flow  separation  can  result  in  torsion  mode  flutter,  with  this  instability  being  a  function  of 
the  location  of  both  the  separation  point  and  the  elastic  axis. 


Urn  of  sybils 

d  nondimensional  disunce  D/C 

h  nondimensional  distance  H/C 

k  reduced  frequency.  atC/U  „ 

p  perturbation  pressure 

u  perturbation  velocity  in  the  x  direction 

0  perturbation  velocity  in  the  y  direction 

X  nondimensional  chordwise  Catetesian  coordinate.  X/C 

X,  nondimensional  separation  point  location  measured  from  the  leading  edge 

y  nondimensional  normal  Cartesian  coordinate,  Y/C 

>'t  bending  mode  nondiniensionai  displacement 

C  airfoil  choixl 

C(.  unsteady  lift  coefficient 

unsteady  moment  coefficient 
C,  praure  diflerence  coefficient. 

D  distance  between  leading  edges  of  adjacent  airfoils  as  measured  in  the  x  direction 

H  distance  between  mean  positions  of  adjacent  airfoils  as  measured  in  the  Y  direction 
Af  ^  Mach  number  at  .x  ±  oo 

P  fluid  sutic  pressure 

fluid  static  pressure  at  x  >  ±  « 

S  spacing  between  adjacent  airfoils 

X  airfoil  angular  displacement  for  torsional  oscillations 

7  cavitation  number 

0  cascade  sugger  angle 

V  Fourier  transform  variable 

a  cascade  interblade  phase  angle 

0  velocity  potential 

to  circular  frequency 


Subscripts 

b  bending  mode  oscillation 

X  torsiorul  mode  osciliation 

+  upper  surface 

lower  surface 
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1  iMrorfiKtioa 

The  continuing  demand  for  more  eflicient  axial  flow  compressors  for  gas  turbine  engines  is  being 
adiieved  by  hi^er  rotational  speeds,  thinner  airfoils,  higher  pressure  ratios  per  stage,  and  increased 
operating  temperatures.  As  a  result,  the  possibility  of  an  aerodynamic  blade  row  instability  is  an 
important  cksign  consideration.  Namely,  under  certain  conditions,  a  blade  row  operating  in  a 
completely  uniform  flow  field  can  enter  into  a  self-excited  oscillation  known  as  flutter.  The  motion 
is  sustain^  by  the  extraction  of  energy  from  the  uniform  flow  during  each  vibratory  cycle,  with 
the  flutter  frequency  generally  corresponding  to  one  of  the  lower  blade  or  coupled  blade-disk 
natural  frequencies. 

To  predict  the  aerodynamic  stability  of  a  rotor,  a  typical  airfoil  section  approach  is  utilized. 
The  three-dimensional  flow  field  through  the  rotor  is  approximated  by  two-dimensional  strips 
along  the  blade  spaiL  For  each  strip,  the  structural  dynamic  properties  and  the  unsteady  aero¬ 
dynamic  loading  due  to  harmonic  airfoil  oscillations  must  be  determined.  Finite  element  techniques 
enable  the  structural  and  vibrational  characteristics  to  be  accurately  predicted.  However,  accurate 
predictions  of  the  flutter  characteristics  of  the  blade  row  cannot  be  made  due  to  inadequacies  in 
current  state-of-the-art  oscillating  cascade  models. 

Unsteady  aerodynamic  models  are  typically  restricted  to  thin  airfoil  theory,  with  the  unsteady 
disturbances  generated  by  the  oscillating  airfoils  assumed  to  be  small  compared  to  the  mean  steady 
potential  flow  field.  In  addition,  the  airfoils  are  considered  to  be  flat  plates  at  zero  incidence.  Thus, 
the  unsteady  aerodynamics  become  uncoupled  from  the  steady  flow,  leading  to  a  model  wherein 
the  flow  is  linearized  about  a  uniform  and  parallel  flow.  Kernel  function  methods  can  then  often 
be  utilized  to  determine  analytical  solutions  for  the  unsteady  aerodynamic  lift  and  moment  acting 
on  the  oscillating  airfoils. 

When  the  mean  flow  does  not  separate  from  the  airfoil,  Le.,  unstalled  flutter,  a  number  of  such 
unsteady  aerodynamic  models  have  been  developed.  For  example,  Whitehead  (1960)  developed  a 
model  for  incompressible  Row  throu^  an  infinite  cascade  of  oscillating  flow  plate  airfoils  by 
constructing  a  vortidty  distribution  on  each  airfoil  which  satisfied  the  boundary  conditions. 
Fleeter  (1973)  extended  this  model  to  include  compressible  flow  by  using  Fourier  transform  theory 
and  the  linearized  small  perturbation  potential  flow  equation.  Smith  (1972)  developed  an  analogous 
subsonic  model  by  replacing  the  airfoils  by  a  series  of  continuous  singularity  distributions.  For 
both  subsonic  and  supersonic  inlet  flow  Mach  numbers,  Ni  (1979)  develop^  a  corresponding 
kernel  function  analysis. 

The  particular  problem  of  interest  herein  is  subsonic  stall  flutter.  It  is  the  oldest,  most  common 
type  of  flutter  and  is  generally  attributed  to  separated  flow  on  the  suction  surface  of  the  airfoils 
caused  by  operating  beyond  some  critical  mean  flow  incidence  angle  at  subsonic  Mach  numbers. 
Bending,  torsion,  and  coupled  vibrational  modes  have  been  documented  when  this  type  of  flutter 
is  encountered  at  part  spe^  in  a  high  speed  fan  and  at  or  near  the  design  speed  in  a  low  or  high 
pressure  compressor. 

Only  a  very  few  unsteady  aerodynamic  models  appropriate  for  stall  flutter  prediction  have 
been  developed.  In  these,  the  flow  is  considered  to  separate  at  a  specified  position  on  the  airfoil 
suction  surface,  with  this  separation  point  fixed  throughout  the  airfoil  oscillation  cycle.  Also,  the 
pressure  in  the  separated  Row  repon  and  the  wake  is  assumed  to  be  constant.  Woods  (1957) 
develop^  a  model  for  incompressible  potential  flow  past  an  isolated  airfoil.  An  incompressible 
flow  osdllating  cascade  unsteady  aerodynamic  model  for  turbomachine  applications  was  formulated 
by  Sisto  (196'n.  Perumal  and  Sisto  (1975)  developed  a  model  for  incompressible  flow  through  an 
ii^nite  cascade  of  oscillating  airfoils  using  conformal  mapping  and  the  acceleration  potential. 
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More  rcocntiy,  Chi  ( I98Q,  I98S)  used  Fourier  (ransTortn  theory  and  the  linearized  small  perturbation 
potential  flow  equation  to  develop  an  oscillating  airfoil  and  airfoil  cascade  model  for  subsonic 
compressible  flow.  This  solution  consists  of  an  attached  flow  unsteady  aerodynamic  solution  and 
a  correction  to  account  for  the  effects  of  the  flow  sepaniiion.  This  correction  is  determined  by 
solving  two  integral  equations:  one  for  the  difference  in  the  upwush  velocity  across  the  airfoil  in 
the  separated  flow  region,  and  a  second  for  the  correction  of  the  unsteady  pressure  difTcrcncc  across 
the  airfoil  chordline  due  to  the  separated  flow.  However.  Chi  assumes  that  the  Kutta  condition 
applies  to  the  separated  flow  region,  i.e..  the  upwash  difference  becomes  zero  at  the  airfoil  trailing 
edge  even  though  the  flow  is  scptirated. 

in  thi.s  paper,  an  unsteady  aerodynamic  cascade  analysis  which  is  appropriate  for  the  design 
prediction  of  subsonic  stall  flutter  in  lurbomachines  is  developed,  in  particular,  this  model  will 
predict  the  effect  of  flow  .separation  on  the  unsteady  lift  and  moment  acting  on  a  two-dimensional 
flat  plate  airfoil  cascade  which  is  harmonically  o.sciliating  in  a  subsonic  flow  field.  The  unsteady 
flow  field  is  considered  to  be  a  small  pc.'iurbation  to  the  uniform  steady  flow,  with  the  steady  flow 
assumed  to  separate  at  a  specified  fixed  position  on  the  suction  surface  of  the  airfoils.  In  this 
formulation,  the  difference  in  the  upwash  velocity  across  the  airfoil  in  the  separated  How  region 
is  not  required  to  be  determined  before  calculating  the  correction  of  the  unsteady  pressure 
difference  across  the  chordline  of  the  airfoils,  thereby  eliminating  the  assumption  that  the  upwash 
difference  is  zero  at  the  trailing  edge  when  the  steady  flow  is  separated. 


2  Unsteady  acrodynnk  model 


This  model  considers  the  inviscid  flow  past  an  oscillating  airfoil  cascade.  The  fluid  is  assumed  to 
be  a  thermally  and  calorically  perfect  gas.  with  the  subsonic  flow  inviscid  and  irrotational.  The 
far  upstream  flow  is  uniform  with  velocity  and  approaches  the  cascade  at  zero  mean  incidence 
angle.  The  steady  flow  is  assumed  to  separate  from  a  specified  fixed  position  on  the  suction  surfaces 
of  the  airfoils,  with  the  constant  pressure  separated  flow  region  confined  to  a  thin  slit  extending 
to  downstream  infinity.  Fig.  1.  The  unsteady  aerodynamics  of  interest  are  generated  by  small 
amplitude  translation^  or  torsional  oscillations  of  the  airfoil  cascade,  with  a  constant  interbladc 
phase  angle. 

The  linearized  partial  differential  equation  for  the  unsteady  velocity  potential.  0,  is  given  in 
Eq.  (I),  with  the  linearized  unsteady  Bernoulci  equation  specified  in  Eq.  (2). 
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(1.2) 


Equations  (1)  and  (2)  are  first  used  to  derive  the  unsteady  pressure  difference  across  the  airfoil  for 
attached  flow,  and  then  to  derive  a  correction  for  the  flow  separation  using  the  condition  that  the 
pressure  is  constant  in  the  separated  flow  region.  As  this  is  a  linear  analysis,  the  unsteady  pressure 
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Fie.  I.  Cascade  and  flow  field  configuration 
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and  the  tesuiting  unsteady  aerodynamic  lift  and  moment  acting  on  the  airfoils  arc  expressed  us  u 
sum  of  the  fully  attached  ilow  solution  and  a  correction  due  to  the  flow  separation. 

For  the  portion  of  the  airfoil  where  the  flow  is  attached,  the  velocity  component  normal  to  the 
airfoil  surface,  the  upwash  velocity,  must  Ik  equal  to  the  airfoil  .surface  velocity.  This  boundary 
condition,  Eq  (3a|,  is  satisfied  at  the  airfoil  mean  position.  However,  in  the  separated  How  region, 
the  velocity  component  normal  to  the  airfoil  surface  is  not  equal  to  the  surface  velocity,  and 
therefore  is  unknown.  This  perturbation  velocity  mu.st  be  determined  using  the  condition  that  the 
pressure  is  constant  in  the  separated  How  region,  with  the  cavitation  number  defined  in  Eq.  (3bt 
and  the  separateni  flow  region  boundary  condition  given  in  Eq.  (4). 

+  at  y  =  0^  0<X<.V.,  __-£_X>X, 

dt  dr  j/'.M:, 

(3a,  b) 


p=-lp.,t/^„y(r)  at  K  =  0\  X>X,.  (4) 

where  X,  specifics  the  separation  chordwise  position. 

Nondimensionalizing  the  spatial  dimensions  with  respect  to  the  airfoil  chord,  C,  assuming 
harmonic  time  dependence  for  the  airfoil  motion  and  the  flow  variables  at  a  frequency  to  and 
substituting  these  quantities  into  Eqs.  (1.2)  and  (3),  results  in  the  following  for  the  perturbation 
velocity  potential  the  perturbation  pressure,  and  the  attached  and  separated  flow  unsteady 
boundary  conditions. 


dx^  dy^ 


2ikMi^+k^Mi^  =  0, 

dx 


(5,6) 


0=  {4  + «(1 +'■*(■* at  p--jp^U\y  at  y=0\  x>x, 

(7,8) 


where 

M,  =  — ;  k  =  ~  and  4  =  fk>V 

<»«  17, 

Once  Eq.  (S)  is  solved,  Eq.  (6)  is  used  to  compute  the  unsteady  pressure  difference  across  the 
airfoil  This  is  then  integrated  to  obtain  the  unsteady  aerodynamic  lift  and  moment  acting  on  the 
airfoil. 


3  Fourier  transforms 

Equation  (S)  for  the  perturbation  velocity  potential  is  reduced  to  an  ordinary  differential  equation 
by  use  of  Fourier  transforms,  with  the  Fourier  transform  pair  defined  in  Eq.  (9). 

+  m  j  +  00 

fTlg(x)2  =  g*(v)^  f  g(x)€xp(-ivx)iix  and  g(x)  =  —  J  g*lv)exp{ivx)(Iv.  (9) 

-  ro  ^71  —  ® 

Applying  the  Fourier  transform  technique  and  assuming  that  all  flow  perturbations  remain 
bounded  in  the  far  field  leads  to  the  following  ordinary  differential  equations  for  the  transformed 
perturbation  velocity  potential  and  pressure. 

+  r(v,y)=-^^^{k  +  v}^*(v,y)  (10.11) 

d)r  C 

where  +  v  + 

The  general  solution  to  Eq.  (10)  for  the  perturbation  velocity  potential  is  given  in  Eq.  (12). 
i4 ,  sin(/iy)  +  Aj  cos(py)  ( 1 2) 
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The  constants  Ai  and  <<2  evaluated  from  the  normal  velocity  boundary  conditions  on  two 
adjacent  airfoils.  The  time  dependent  perturbations  at  {x+d,y  +  h)  arc  taken  to  lead  (he  same 
perturbations  at  (.v.y)  by  the  constant  intcrbladc  phase  angle  <r. 

The  transformed  boundary  conditions  on  (he  upper  surface  of  (be  zero(h  airfoil  and  (he  lower 
surface  of  the  ilrst  airfoil  of  Pig.  I  are  given  in  Eqs.  03). 

— —  =Cexp(i(<T-vd))r*(OI,^«  =CexpO(<r-vd)  )(■•.. 

03a.b) 

Equations  03)  are  used  (o  solve  for  the  constants  A,  and  A 2  in  Eq.  (12)  in  terms  of  r*  and  v*. 
Recall  that  for  attached  Row.  both  i>*  and  a*  arc  known.  However,  in  the  .separated  (low  region. 
V*  is  unknown.  The  resulting  solution  for  0*  is  given  in  Eq.  (14). 


i)y 


■  Cv*m 


y^O- 


jt »  0  * 


T*,  ,  CvX  sini/iy)  C(a*  cos(/di)  - 1>*  exp(  -i(vd-<T))cos(Mv) 

<P*iv,y)  - - + - - - - - - - 

H  (isin(/iA) 


04) 


This  expression  for  is  used  in  the  unsteady  pressure  equation.  Eq.  0 1 ).  with  the  following 
definitions  useful 

s«A*ly=o--  05a.b) 

Evaluating  Eq.  (1 1)  at  y  =  0*^  and  0~  and  then  using  Eq.  (14),  the  unsteady  pressure  on  the  upper 
and  lower  surfaces  of  the  zeroth  airfoil  is  determined 


P.^Ul 


where 


U 


(I6a.b) 


A* 


(k+ v)cos(/zA)  (kA-v)cot(ph) 
ipsiniph)  ip 


gm  _  (k-f-v)exp(-i(vd-<T))  ^  v)exp(i(vJ-<T)) 


ipsiniph) 


ipsiniph) 


Equation  (16)  is  used  to  obtain  independent  equations  for  the  upwash  difference  coefficient  and 
the  unsteady  pressure  difference  correction  coeflicient.  First  Eq.  (20)  is  rewritten  as  follows: 


B*'**'‘  I  Ap* 

£ - _  +  i_£_  =  (^*_B*) 

2p^Ul 

smAVE 


g»AVE  j 


.  Av* 

+  -(/t*  +  B*) - , 

2  C/.„ 


0^'”“  1  Ap*  p*'**'®  1  Av* 

t — ^  _ L  JiL..  =  (A*  _  c*)- +  -{A*  +  C*)~. 

P«l/i  2p.t/i  l/«  2'  (/, 

Subtracting  Eq.  (17b)  from  Eq.  (17a)  and  manipulating  the  results  leads  to  Eq.  (18) 

^/4KE 

- - + 


(17a,b) 
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where 

fC*-- 


2A*-’B*-C* 


and  L* 


(C*  -  B*) 


2(2.4* -B*-C*) 


Equation  (17a)  is  then  multiplied  by  (.4*  —C*)  and  Eq.  (17b)  by  (A*  —  B*),  with  the  resulting 
equations  added.  This  gives  the  following 

A*^-B*C* 

where  M*  =  :r—. — rr — rr-  (19) 
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Chi  (1980, 198S)  performs  the  Fourier  inversion  of  Eos.  (18)  and  (19)  and  further  manipulates  the 

t  i.  •  •  I  .•  r  A  A^^*(x) 

result  to  obtain  integral  equations  for  — —  and - — — . 

However,  by  further  manipulating  Eqs.  (18)  and  (19),  independent  equations  may  be  derived  for 
the  upwash  difference  coefficient  and  the  unsteady  pressure  difference  correction  coefficient.  First, 
substitute 


^mAve  ij* 


t/. 


_  I  M* 

U.^'^2  t/. 


and 


,ul 


,£/i 


into  Eq.  (18).  The  result  is: 

V 


5*  I  Ai?* 


^  Ap^^  ^  Ap^  ^  ^ 


,  .  _  (20) 

In  the  attached  flow  region  of  the  airfoil,  Eq.  (21)  is  valid,  with  the  only  unknown  being  the  attached 
(low  unsteady  pressure  difference 

•**  Ap*'*^^ 


-  T-  K^m 


(21) 


An  equation  for  the  separated  flow  unsteady  pressure  difference  correction  coefficient  is  obtained 
by  subtracting  Eq.  (21)  from  Eq.  (20) 

Ap*"* 


P«l/i 


Ac* 


(22) 


In  this  equation,  both  the  unsteady  pressure  difference  correction  coefficient  and  the  upwash 
difference  coefficient  are  unknown.  Therefore,  another  equation  is  needed. 

Rewriting  Eq.  (19)  yields  the  following 


_P 

P« 


i/i  \  2)  p„ui  \  ij  p^ui  i/. 


(23) 


Equation  (22)  is  solved  for  which  is  then  substituted  into  Eq.  (23).  The  resulting  equation 

leads  to  the  following  independent  equation  for  the  unsteady  pressure  difference  correction 
coefficient 


S^COK 


('■-i'OS' 


P.t/i 

where 


+  (K*-C*) 


p: 


(24) 


KT  = 


1 


A*  ~  A*  '  2A* 

An  equation  for  is  obtained  by  substituting  Eq.  (22)  into  Eq.  (19) 


(25) 


The  Fourier  inversion  may  now  be  performed  for  both  the  attached  flow  solution,  Eq.  (21),  and 
the  separated  flow  correction,  Eqs.  (24)  and  (25). 

Ap^^^(0 

The  Fourier  inversion  for  the  attached  flow,  Eq.  (21),  noting  that - 77;—  =  0  off  of  the  airfoil. 


is  given  in  Eq.  (26), 

0  Pna^t 


P^V\ 


I  +00 

where  A(ij)  =  —  J  A*  exp(iv»j)dv. 

2r  -a> 


(26) 
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Note  (hat  this  is  the  same  attached  How  equation  as  obtained  by  Smith  (1972)  when  dilTcrcnces  in 
notation  are  taken  into  account. 

The  Fourier  inversion  of  the  separated  How  equation  is: 

T  = T 

LL  f'.Ui  LL  I  2  J  p„Ul 

+  Y  {K7x-C)-Q(.v-C)l-^dC.  (27) 

I.L  I  .. 

where 

1  F  <fi  I  F  >ii  I  f  eo 

n»?)  =  —  /  T* t!xp(ivn)dv.  Q(n)  =  —  J  Q* exp{ivri)dv.  KAn)  =  —  J  K*expUvn)dv. 

27t  *  >11  >A  27C  is 

LL  =  Lower  Limit  (to  be  determined)  and  T(ri),  Q{ii)  and  are  evaluated  in  (he  Appendices. 
The  inverse  transform  of  the  upwash  differences,  Eq.  (2S),  is 

-  }  {Q(.x-0  +  KM-C)]-—^dC  -  R(x).  (28) 

where  /{(x)  =  J  Kc(x—C)ydC  and  is  presented  in  the  appendix. 

The  cascade  unsteady  pressure  difference  correction  equation  becomes 

Y*/c(x-o^^^dc=f  |r(x-o-5ie,(x-o}^^^^dc~ij{je,(x-o-e(v-c)}fdc. 

^  X*  (.  2  3  Pno^act  2  X, 

(29) 

The  upper  limits  of  +  oo  arc  undesirable  since  will  be  obtained  by  collocation. 

To  eliminate  this  problem,  this  equation  is  rewritten  by  breaking  the  first  and  third  integrals  into 
integrals  from  C  »  x,  to  C  =  1  and  from  C— ltoC=+°o 

|K(.t-0-£>^dC+  J  K(x-C)^^— 

»•  I  Paa^  ^ 

-  J  \  T(x-C)--K,(x-C)>  -  <(C-- f  {Kc(^-0-Q{x-C)}ydC 

■*»  (.  2  J  PgoO  JO  2  X, 

-l]  {K,{x-Q-Q{x-0}UI:.  (30) 

2  Xm 

As  X,-*  1,  the  integrals  with  upper  limit  of  1  become  zero.  Then 

J  K(x-0-^-~dC=-i  1  {Ko(x-C)-e(x-C)}7dC. 

1  PtO  ^  X  2  1 

Since  both  of  these  integrals  are  independent  of  x„  they  must  be  equal  for  all  .x,.  Subtracting  these 
from  Eq.  (30),  the  final  cascade  separated  flow  unsteady  pressure  difference  correction  equation  is 
obtained 

»F(x)  =  i  K{x - Q^E^^di:,  (3 1 ) 

where 

l^(x)-  }  {T(x-0-iKo(x-o|^£^dC-i  }  {Ko(x-C)-Q(x-0}7dC. 

X.  V,  2  )  V  2  X, 
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Once  the  attached  flow  solution  is  determined  from  Eq.  (26)  and  the  cavitation  number  specified, 
Eq.  (31)  is  solved  by  collocation  to  obtain  the  separated  flow  unsteady  pressure  diflcrence  correction 
cocflicicnt. 


4  Unsteady  aerodynamic  lift  and  moment  coeflicients 


The  unsteady  lift  cocflicicnt,  positive  in  the  -l>y  direction,  is  defined  us 

Substituting  Eq.  (36)  into  Eq.  (35)  and  noting  that  the  unsteady  pressure  diflcrence  correction  is 
zero  upstream  of  the  separation  point,  leads  to  Eq.  (37): 

A^C)  _  Ap'*^^({)  ^  Ap‘"*(C) 


(36) 


=  +  where  ^ dC  and  (37) 

The  unsteady  moment  coeflicient,  positive  counterclockwise  about  an  elastic  axis  at  the  leading 
edge,  is  defined  as 


M 


.=  - 1  ^  dC. 


Substituting  Eq.  (36)  into  Eq.  (38)  yields: 


(38) 


+  where  Cii"= and  C"*  =  -  } 

0  *. 


(39) 


5  Resolls 

The  mathematical  model  developed  herein  is  utilized  to  demonstrate  the  effects  of  flow  separation 
on  the  unsteady  aerodynamics  of  an  harmonically  oscillating  flat  plate  cascade  in  a  subsonic  flow 
field.  The  attached  flow  part  of  the  model  predictions  are  obtained  from  the  Smith  code  (1987).  It 
predicts  the  unsteady  pressure  difference  coefficient  and  the  cascade  translation  and  torsion  mode 
unsteady  aerodynamic  lift  and  moment  coefficients.  The  separated  flow  part  of  the  model  uses  the 
attached  flow  results  to  analyze  the  separated  flow  unsteady  pressure  difference  correction  codficient, 
the  unsteady  aerodynamic  lift  and  moment  correction  coeflicients,  and  the  upwash  difference 
coefficient  for  a  specified  separation  point  location  and  cavitation  number.  Note  that  for  the  results 
presented  herein,  a  zero  cavitation  number  is  considered.  The  separated  flow  unsteady  aero¬ 
dynamic  lift  and  moment  coeflicients  are  then  added  to  the  attached  flow  values  to  obtain  the 
separated  flow  coeflicients. 

The  effect  of  flow  separation  on  the  magnitude  and  phase  of  the  cascade  bending  mode 
unsteady  pressure  difference  coefficient  is  shown  in  Figs.  2  and  3.  A  leading  edge  flow  separation 
point  decreases  the  magnitude  of  by  a  factor  of  approximately  two.  Also,  the  attached  and 
separated  flow  phase  angles  of  are  not  equal. 

Figure  4  shows  the  magnitude  of  the  bending  mode  upwash  difference  coeflicient  with  leading 
edge  flow  separation  for  an  isolated  airfoil  and  an  airfoil  cascade.  Recall  that  the  upwash  difference 
coeflicient  is  zero  for  attached  flow.  Note  that  the  upwash  difference  coeflicient  is  not  zero 
downstream  of  the  trailing  edge  for  either  the  isolated  airfoil  or  the  cascade,  as  was  assumed  by 
Chi  ( 1980, 1985).  The  fact  that  a  nonzero  constant  value  is  approached  downstream  of  the  trailing 
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Figsi.  2  and  .1.  2  Magnitude  »(  bonding  itiodc  unsteady  pressure  diflerenee  ei>emcient  for  attached  flow  and  leading  edge 
separation..^  I’hasuanglcorhendingnitideunsieady  pressure  diflerenee  eoeflicient  for  attached  flow  and  leading  edge  separation 
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FIffc  4  and  5.  Magnitude  of  bending  mode  upwa.sh  diflerenee  coeflicient  4  for  leading  edge  flow  separation:  5  for  midchord 
flow  separation 


edge  is  consistent  with  the  assumption  that  the  separation  wake  extends  to  downstream  infinity. 
Midchord  (low  separation.  Fig.  5,  tends  to  produce  a  more  rapidly  changing  upwash  dilTerence 
coefHcient  magnitude  than  does  leading  edge  separation.  Again,  the  upwash  dilTerence  coefficient 
does  not  become  zero  downstream  of  the  trailing  edge.  Also,  the  separated  flow  upwash  difference 
magnitude  for  both  the  isolated  airfoil  and  the  cascade  exhibit  a  sharp  dip  near  60°/^  chord.  Both 
the  real  and  imaginary  parts  of  the  upwash  diflerenee  coefficient  are  smooth  in  the  region  of  60”;, 
airfoil  chord,  with  this  dip  being  caused  by  the  real  part  of  the  coeflicient  passing  through  zero  at 
this  point. 

The  effects  of  leading  edge  flow  separation  on  the  bending  mode  suction  surface  upwash 
velocity  distribution  are  shown  in  Figs.  6  and  7  for  an  isolated  airfoil  and  an  airfoil  cascade.  The 
attached  flow  results  are  the  same  for  both  the  isolated  airfoil  and  the  cascade  since  both  upwash 
velocities  are  ^ual  to  the  airfoil  surface  velocity.  The  cascading  effects  are  shown  by  the  differences 
between  the  isolated  airfoil  and  cascade  separated  flow  upwash  distributions.  In  Fig.  7  the 
separated  flow  curve  for  the  isolated  airfoil  is  identical  to  the  attached  flow  curve. 

To  demonstrate  the  effects  of  flow  separation  on  bending  mode  stability,  the  complex  unsteady 
lift  coefficients  are  calculated  using  ten  collocation  pyoints  for  a  cascade  with  solidity  of  one  and  u 
stagger  angle  of  60  degrees.  In  particular.  Figs.  8  through  13  show  the  attached  flow,  midchord 
flow  separation,  and  leading  edge  flow  separation  complex  bending  mode  lift  coefficients  for  inlet 
Mach  numbers  of  0.0  and  0.S,  with  interblade  phase  angle  and  reduced  frequency  as  parameters. 
It  should  be  noted  that  the  Mach  0.5  unsteady  lift  coefficients  change  rapidly  near  the  acoustic 
resonance  conditions.  Thus  a  smaller  range  of  interblade  phase  angle  values  is  considered  for  Mach 
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Real  pan  of  bending  mode  suction  surface  upwosh  velocity  for  attached  (low  and  leading  edge  separation. 
7  Imaginary  pan  of  bending  mode  suction  surface  upwash  velocity  for  attached  flow  and  leading  edge  separation 


0.S  than  for  Mach  U.0  to  avoid  these  resonances.  Also,  a  positive  value  of  the  real  part  of  Cu, 
indicates  a  bending  mode  instability  when  there  is  no  mechanical  damping. 

With  attached  flow,  the  cascade  is  stable  for  all  interblade  phase  angles  and  reduced  fr^uencies 
for  both  values  of  the  inlet  Mach  number.  As  the  region  of  flow  separation  increases,  i.e.,  as  the 
separation  point  moves  from  the  midchord  to  the  leading  edge,  the  unsteady  lift  coefficient  reduced 
frequency  contours  decrease  in  size  and  shift  to  the  right,  although  remaining  in  the  suble  range. 
Thus,  flow  separation,  although  not  resulting  in  bending  mode  flutter,  does  decrease  the  bending 
mode  stability  of  the  cascade. 

For  the  case  of  torsional  flutter,  stability  is  determined  from  the  imapnary  part  of  the  unsteady 
moment  coefficient.  In  particular,  for  zero  mechanical  damping,  a  torsion  mt^e  instability  exists 
whenever  Imaginary  ^  0.0,  with  the  flutter  reduced  frequen^  defined  as  the  value  at  which 
Imaginary  (Cm,)  «  0.0.  To  demonstrate  the  dTects  of  flow  separation  on  torsion  mode  stability,  a 
baseline  cascade  with  a  solidity  of  one  and  a  stager  angle  of  60  degrees  is  considered. 

The  baseline  cascade  with  attached  flow  is  unstable  for  certain  interblade  phase  angle  values 
and  elastic  axis  locations.  The  flutter  boundary  interblade  phase  angle,  i.e.,  the  interblade  phase 
angle  which  yields  the  largest  range  of  reduced  frequencies  for  which  flutter  is  possible  is  shown 
as  a  function  of  elastic  axis  location  in  Fig.  14  for  inlet  Mach  numbers  of  0.0, 0.3,  and  0.8.  Utilizing 
these  interblade  phase  angle  values.  Fig.  IS  shows  the  attached  flow  flutter  boundaries  of  the 
baseline  cascade  in  the  form  of  reduced  frequency  for  flutter  as  a  function  of  dastic  axis  location, 
with  Mach  number  as  a  parameter.  Each  curve  represents  the  neutral  stability  boundary,  with  the 
airfoils  being  unstable  at  reduced  frequencies  bdow  the  curve  and  stable  for  reduced  fluencies 
above  the  curve.  Note  that  a  decreasing  flutter  reduced  frequency  corresponds  to  an  increasing 
value  of  (/« for  which  flutter  is  just  possible.  Increasing  the  Mach  number  is  seen  to  enhance  the 
cascade  stability,  indicated  by  the  decreased  unstable  i^uced  frequency  range. 

The  effects  of  flow  separation  on  torsional  flutter  are  demonstrated  by  determining  the  flutter 
boundaries  of  the  baseline  cascade  with  attached  flow  and  with  flow  separation  at  midchord,  10^{, 
chord,  and  at  the  leading  edge.  These  results,  generated  by  varying  the  reduced  frequency  and 
utilizing  the  previously  determined  attached  flow  flutter  boundary  interblade  phase  angle  values, 
are  presented  in  the  form  of  torsional  flutter  boundary  versus  elastic  axis  location  for  inlet  Mach 
numbers  of  0.0, 0.3,  and  0.8,  with  separation  point  location  as  \  parameter.  Figs.  16  through  18. 

Torsion  mode  stability  is  seen  to  be  a  function  of  the  location  of  both  the  separation  pmnt  and 
the  elastic  axis.  Midchord  flow  separation  produces  a  larger  range  of  frequencies  for  which  flutter 
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Figs.  S  aad  9.  Bemling  mode  unsteady  lift  coeflkieni  g  fur  attached  flow:  9  for  midchord  flow  separation.  (S/C*  1-0.  </>A0 
degrees,  and  Af  »l).0) 
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may  occur  than  does  attached  flow  for  elastic  axis  locations  in  the  range  of  20/o  to  about  65”; 
chord  for  all  Mach  numbers.  This  indicates  decreased  cascade  stability  for  these  elastic  axis 
locations.  For  elastic  axis  locations  aft  of  about  65%  chord,  midchord  flow  separation  tends  to 
have  a  stabilizing  effect  for  all  Mach  numbers. 

Flow  separation  at  10%  airfoil  chord  has  a  destabilizing  effect  for  elastic  axis  locations  from 
20%  to  about  40^;  chord,  and  a  stabilizing  effect  for  elastic  axis  locations  greater  than  about  40^; 
chord. 

Leading  edge  flow  separation  has  a  stabilizing  effect  for  all  elastic  axis  locations.  It  should  be 
noted  that  a  considerable  part  of  the  torsional  unsteady  moment  coeflicient  value  is  derived  from 
the  singular  nature  of  the  unsteady  pressure  distribution  in  the  airfoil  leading  edge  region.  For  the 
cases  of  flow  separation  of  10/;  and  50?;  chord,  the  unsteady  pressure  distribution  is  unaffected 
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Figs.  U  and  IS.  14  Inierbiade  phase  angles  for  torsional  flatter  boundary.  15  torsional  flutter  boundary  for  attached  flow. 
(S/C  « 1 .0  and  (I  >  60  degieesl 


by  the  How  separation  in  the  region  near  the  leading  edge,  whereas  Tor  leading  edge  How  separation 
the  entire  unsteady  pressure  distribution  is  affected. 

As  for  the  attached  flow  flutter  boundaries,  increasing  the  Mach  number  enhances  the  separated 
flow  cascade  stability,  indicated  by  the  decreased  unstable  reduced  frequency  range. 

It  is  generally  expected  that  flow  separation  would  decrease  the  torsion  mode  cascade  stability. 
As  previously  stated,  the  results  obtained  from  the  separated  flow  analysis  developed  herein 
indicate  that  the  stability  is  a  function  of  the  location  of  both  the  separation  point  and  the  elastic 
axis.  However,  it  should  be  noted  that  this  analysis  is  based  on  quite  restrictive  assumptions.  A 
zero  mean  incidence  angle  is  considered,  thereby  eliminating  the  nonlinear  features  of  the  attached 
and  separated  flow  fields.  Also,  the  separation  point  location  is  fixed  throughout  the  cycle  of  airfoil 
oscillation.  In  reality,  the  flow  may  separate  and  reattach  during  each  cycle  of  airfoil  motion 
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(mating  hysteresis  eflccts  in  (he  torsional  unsteady  moment  coefficient  Finally,  the  separation 
region  may  be  large  and  partially  block  the  Oow  {Mssage.  thereby  affecting  the  flow  field  upstream 
of  the  separation  point,  ir  these  restrictions  were  removed  from  the  model,  it  might  be  found  that 
flow  separation  tends  to  always  decrease  cascade  stability. 

Finally,  comparisons  of  the  results  obtain«l  with  the  model  developed  herein  and  those 
developed  by  Perumal  ( 1975)  and  Chi  (1980, 1985)  are  considered  for  an  airfoil  cascade  executing 
harmonic  torsion  mode  oscillations  in  an  incompressible  flow.  The  comparison  with  the  Perumal 
mtxicl  predictions  of  the  magnitude  of  the  unsteady  moment  coefficient  versus  separation  point 
location  are  shown  in  Fig.  19.  The  analysis  develop^  herein  predicts  a  smoothly  varying  moment 
coefficient  with  separation  point  location,  as  expected  ba^  on  the  model  assumptions.  In 
contrast,  the  Perumal  model  yields  widely  varying  and  probably  unrealistic  results.  Fig.20  shows  a 
comparison  of  the  results  obtained  with  the  model  developed  herein  and  that  of  Chi  with  flow 
separation  at  25%  and  50"/a  airfoil  chord.  The  Chi  model  pr^icts  larger  changes  in  the  imaginary 
part  of  the  moment  coefficient  as  the  separation  point  location  is  moved  from  25%  to  50/o  airfoil 
chord  than  does  the  present  aniysis. 


A  mathematical  model  was  developed  to  predict  the  effect  of  flow  separation  on  the  unsteady 
aerodynamic  lift  and  moment  acting  on  two-dimensional  flat  plate  airfoils  and  cascades  which  are 
harmonically  oscillating  in  a  subsonic  flow  Held.  The  unsteady  flow  was  considered  to  be  a  small 
perturbation  to  the  uniform  steady  flow,  with  the  steady  flow  assumed  to  separate  at  a  specified 
fixed  position  on  the  suction  surface  of  the  airfoils.  In  this  formulation,  the  difference  in  the  upwash 
velocity  across  the  airfoil  in  the  separated  flow  region  was  not  required  to  be  determined  before 
calculating  the  unsteady  pressure  difference  across  the  chordline  of  the  airfoils,  thereby  eliminating 
the  assumption  that  the  upwash  difference  is  zero  at  the  trailing  edge  when  the  steady  flow  is 
separated. 

This  model  was  then  used  to  investigate  the  effect  of  flow  separation  on  bending  and  torsion 
mode  cascade  stability.  In  the  bending  mode,  the  effects  of  airfoil  Irading  edge  and  midchord  flow 
separation  on  the  unstimdy  aerodynamic  lift  coefficient  for  several  reduced  frequency  and  interblade 
(fliase  angle  values  were  considered  for  inlet  Mach  numbers  of  0.0  and  0.5.  In  the  torsion  mode, 
the  effects  of  airfoil  leading  edge,  10%  and  50%  chord  flow  separation  on  the  cascade  flutter 
boundary  as  a  function  of  the  elastic  axis  location  were  considered  for  inlet  Mach  numbers  of  0.0, 
0  J,  and  0.8.  These  results  demonstrated  that  although  flow  separation  does  decrease  the  bending 
mode  stability,  it  does  not  result  in  flutter.  In  the  torsion  mode,  however,  flow  separation  can  lead 
to  flutter,  with  the  cascade  torsional  stability  being  a  function  of  both  the  location  of  the  separation 
point  and  the  elastic  axis. 
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Appendix  A 


The  functions  T(x),Q(x)  and  K;(x)  are  evaluated  by  the  residue  theorem  of  complex  variables. 
These  functions  are  given  in  Eqs.  (Al)  through  (A3). 


T(x)  = 
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Note  that: 


ii,k=^z,d+(2nK-<T), 

a=0,  ±  I,  +2,... 


and  iC*- - - - - - 1 - . 

*  2A*  2A*-B*-C*  2A*-(B*  +  C*) 

For  zero  stagger  angle  and  ninety  degree  interblade  phase  anglo  (B*  +  C*) »  o  so  that  JC*  «  K*. 
The  function  X^ix)  is  found  to  give  identical  values,  to  six  digiu  right  of  the  decimal  point,  to 
Smith's  function  K(x)  evaluated  at  the  special  case  just  described. 
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The  function  K(x)  is  obtained  by  evaluating  Eq.  (Bl)  by  analytical  integration,  Eq.  (B2). 


Jl(x)«  J  X,(x-OfdC 
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where 
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Rotor  Blade  Unsteady 
Aerodynamic  Gust  Response  to 
Inlet  Guide  Vane  Wakes 

A  series  of  experiments  is  performed  in  on  extensively  instrumented  axial  flow 
research  compressor  to  inveuigate  the  fundamental  flow  physics  of  wake-generated 
periodic  rotor  blade  row  unsteady  aerodynamks  at  realistic  values  of  the  reduced 
frerptmtey.  Unique  unsteady  data  are  obtained  that  describe  the  furubunenttU  un¬ 
steady  aerodynamic  gust  interaction  phenomena  on  the  first-stage  rotor  blades  of 
a  research  axial  flow  compressor  generated  by  the  wakes  from  the  inlet  guide  •<«nrt 
In  these  experiments,  the  effects  of  steady  blade  aerodynamic  loading  and  the 
aerodynamic  forcing  function,  indudbig  both  the  transverse  and  chordwise  gust 
components,  and  the  amplitude  of  the  gusts,  are  investigated  and  quantified. 


iMroductioa 

Periodic  aerodynamic  exdutions  generate  unsteady  aero¬ 
dynamic  forces  ai^  momenu  on  turbomachinery  blading.  At 
the  resonance  conditions  where  the  aerodynamic  excitation 
frequency  matches  a  Made  natural  frequency,  catastrophic  vi¬ 
brational  responses  of  the  blading  may  occur.  In  the  design 
process,  Campbell  diagrams  are  utiliaed  to  predict  the  occur¬ 
rence  of  the  resonant  conditions  in  the  operating  range  of  the 
Made  row.  Unfortunately,  accurate  predictions  of  the  ampli¬ 
tude  of  the  Made  vibration  at  these  resonances  cannot  currently 
be  made  due  to  the  inaMlity  of  mathematical  models  to  predict 
the  unsteady  aerodynamics  accurately,  i.e.,  the  aerodynamic 
forcing  function  to  the  Made  row  and  the  resulting  unsteady 
aerodynamics  acting  on  the  blading.  As  a  result,  empirical 
correlations  are  currently  used  to  indicate  the  blade  row  re¬ 
sponse  to  an  excitation,  with  varying  degrees  of  success. 

On  a  first  principles  basis,  forced  response  unsteady  aero¬ 
dynamics  are  analyzed  by  first  defining  the  forcing  function 
in  terms  of  harmonics.  The  periodic  response  of  an  airfoil  row 
to  each  harmonic  is  then  assumed  to  be  comprised  of  two 
componentt.  One  is  due  to  the  harmonic  componenu  of  the 
unsteady  aerodynamic  forcing  function  being  swept  past  the 
nonresponding  airfoil  row.  termed  the  streamwise  and  trans¬ 
verse  gust  responses.  The  second,  the  self-induced  unsteady 
aerodynamics,  arises  when  a  vibrational  response  of  the  airfoil 
row  is  generated. 

The  gust  and  motion-induced  unsteady  aerodynamic  models 
involve  many  physical  and  numerical  assumptions.  Therefore, 
experimental  modeling  of  the  fundamental  distortion  and  wake¬ 
generated  blade  row  periodic  unsteady  aerodynamic  response, 

'CwrfM  addKti:  EagiiiMr.  Acradyaanics  NMaicb  Laboraiory.  Ocmnl 
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including  both  the  forcing  function  and  the  resulting  Hadf 
row  unsteady  aerodynamics,  is  needed  Uu  validation  and  en¬ 
hancement  of  theoretical  and  numerical  models. 

Unsteady  aerodynamic  gust  experimenu  of  direa  interest  to 
turbomachines  have  been  performed  in  low-speed  research 
compressors.  Fleeter  et  al.  (1978, 1980)  investigated  the  effecu 

of  airi^oil  camber  and  rotor-stator  axial  spacing  on  the  unsteady 

aerodynamics  of  a  stator  vane  row  of  a  single-stage  low-speed 
research  compressor.  Capece  et  al.  (Wd,)  and  Capece  and 
Fleeter  (1987)  performed  measurements  m  a  three-stage  low- 
speed  research  compressor  to  investigate  the  effea  of  steady 
airfoil  loading  and  detailed  aerodynamic  forcing  funaion 
waveshape  on  the  unsteady  aerodynamic  response  of  a  stator 
vane  row.  Callus  et  al.  (1980)  performed  measurements  at  the 
midspan  of  a  low  camber  vane  of  a  single-stage  axial  How 
compressor.  The  unsteady  lift  coefficier.:s  corresponding  to 
the  first  five  harmonics  of  rotor  blade  walr-  passing  were  meas¬ 
ured  with  five  transducers  embedded  in  tach  vane  surface. 

Gust  experimenu  performed  in  rotor  hiade  rows  include  the 
following.  With  regard  to  inlet  flow  distorrions,  O’Brien  et  al. 
(1980)  utilized  six  dynamic  pressure  transducers  embedded  oii 
each  rotor  blade  surface  to  measure  the  c.’.;ready  aerodynamic 
response  to  a  distorted  inlet  flow  Field.  H-.wever,  the  periodic 
rotor  blade  row  inlet  flow  Field  was  not  .-.measured  and,  thus, 
the  unsteady  aerodynamic  gust  forcing  f  s.-^ion  was  noi’quan- 
tified.  Hardin  et  al.  (1987)  measured  lo>  reduced  frequency 
oscillating  airfoil  aerodynamics  on  the  rcror  of  a  single-suge 
compressor  and  also  stated  that  they  pe-formed  similar  dis¬ 
tortion  experimentt,  although  the  result;  atere  not  presented. 

Manwaring  and  Fleeter  (1989,  1991  >  r/penmentally  inves¬ 
tigated  the  unsteady  aerodynamic  tour  olade  row  gust  re¬ 
sponse  generated  by  low  reduced  frequency  inlet  distortions 
and  wake  type  disturbances.  The  major  idvantage  of  rotor- 
based  unsteady  gust  experiments  over  -.ationary  hiitdf  row 
experiments  is  that  the  unsteady  aerodyiiwuc  forcing  function 
is  located  in  the  stationary  reference  l-nne.  This  enables  a 
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wide  range  of  forcing  function  to  be  more  easily  generated, 
without  large  detrimental  effects  on  compressor  overall  per¬ 
formance. 

In  this  paper,  the  rotor  blade  row  fundamental  unsteady 
aerodynamic  flow  physics  generated  by  period  wakes  are  in¬ 
vestigated  at  realistic  values  of  the  reduced  frequency.  In  par¬ 
ticular,  the  effects  of  the  detailed  unsteady  aerodynamic  forcing 
fiUKlion,  including  both  the  transverse  and  chordwise  gust 
components  and  the  gust  amplitude,  as  well  as  steady  aero¬ 
dynamic  loading  on  the  unst^y  aerodynamic  gust  response 
of  the  first-stage  rotor  blade  row,  are  investigated,  lliis  is 
accomplished  by  means  of  a  series  of  experiments  performed 
in  an  extensively  instrumented  axial  flow  research  compressor. 
Unique  unsteady  aerodynamic  dau  are  obtained  that  describe 
both  the  detailed  unsteady  aerodynamic  forcing  funaion  gen¬ 
erated  by  the  wakes  from  the  IGVs  and  the  resuhing  first-stage 
rotor  bi^  row  unsteady  aerodynamic  gust  response. 

in  these  experiments,  the  primary  data  obtained  define  the 
midspan  chordwise  distributions  of  both  the  steady  and  un¬ 
steady  pressure  on  the  rotor  blade  surfaces,  with  the  aerody¬ 
namic  forcing  function  generated  in  the  sutionary  reference 
frame.  Tlwse  forcing  functions  are  measured  with  a  rotating 
cross  hot-wire  probe,  with  these  data  then  analyzed  to  deter¬ 
mine  the  streamwise  and  transverse  velocity  components,  u* 
and  1/“.  shown  in  Fig.  I.  The  resulting  unsteady  aerodynamic 
gust  generated  rotor  blade  surface  unsteady  pressure  chordwise 
distributions  are  measured  with  embedded  uitraminiature  high- 
response  dynamic  pressure  transducers.  The  blade  surface 
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steady  pressure  chordwise  distributions  are  measured  with  blade 
surface  sutic  taps  ported  to  a  rotor-based  Scani valve  system. 

Reaeveh  Compressor 

The  Purdue  Axial  Flow  Research  Compressor  models  the 
fundunental  turbomachinery  unsteady  aerodynamic  multi¬ 
stage  interaction  phenomena,  which  include  the  incidence  an¬ 
gle.  the  velocity  and  pressure  variations,  the  aerodynamic  forc¬ 
ing  funaion  waveforms,  the  reduced  frequency,  and  the 
unsteady  blade  row  interaaions.  The  compressor  is  driven  by 
a  15  hp  dc-elearic  motor  at  a  speed  of  2250  rpm.  Each  identical 
stage  contains  43  rotor  blades  and  31  stator  vanes  having  a 
British  C4  airfoil  profile,  with  the  first-stage  rotor  inlet  flow 
field  esublished  by  a  variable  sating  inla  guide  vane  (ICV) 
row  of  36  airfoils.  The  overall  compressor  and  airfoil  char- 
aaeristics  are  defined  in  Table  I. 

The  compressor  aaodynamic  paformance  is  determined 
utilizing  a  48  port  Scanivalve  system,  thermocouples,  and  a 
venturi  orifice  to  measure  the  required  pressures,  temperatures, 
and  flow  rate,  respeaively.  The  Scanivavie  transducer  is  cal¬ 
ibrated  each  time  dau  are  acquired,  thus  automatically  com¬ 
pensating  for  zao  and  span  shifts  of  the  transducer  output. 
A  95  percent  confidence  interval,  root-mean-.square  error  anal¬ 
ysis  of  20  samples  is  performed  for  each  steady  data  meas¬ 
urement. 

Instnimeiitalion 

Both  steady  and  unsteady  rotor  blade  row  data  are  required. 
These  are  acquired  with  the  rotor-based  instrumentation  sys¬ 
tem  schematically  depicted  in  Fig.  2.  The  steady  data  quantify 


— — —  Nomenclamrc - 

b  a  rotor  blade  semichord 
«  rotor  blade  steady  loading  - 

\  (Cp.  pmMHf  ~ 

_ 

Cp  *  rotor  blade  steady  pressure 
coefficient 

Cp  w  rotor  blade  unsteady  pressure 
coefficient 

Cap  «  rotor  blade  unsteady  pressure 
difference  coefficient 


/  a  rotor  blade  mean  inadence  an- 

«le 

k  a  reduced  frequency  a  ub/  F, 
p  a  digitized  ensemble-averaged 
unsteady  pressure 
P,  a  rotor  blade  surface  steady 
pressure 

0  a  first  harmonic  complex  un¬ 
steady  pressure 

u*  a  streamwise  gust  first  harmonic 
component 


0*  a  transverse  gust  first  harmonic 
component 

V,  a  mean  axial  velocity 
AF  a  absolute  velocity  vector  differ¬ 
ence  from  mean  value 
A  IF  a  total  unsteady  velocity 
g  a  relative  mean  flow  angle 
Ad  a  relative  flow  angle  difference 
from  mean  value 
w  a  forcing  funaion  frequency, 
rad 
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ihe  roior  row  mean  inlet  (low  (teid  and  the  resulting  rotor 
blade  raidspan  steady  loading  distribution.  The  unsteady  dau 
deOne  the  periodic  aerodynamic  forcing  function  and  the  re¬ 
sulting  miikpan  blade  surface  periodic  unsteady  pressure  dis¬ 
tributions. 

The  inlet  flow  field,  both  steady  and  unsteady,  is  measured 
with  a  rotating  cross  hot-wire  probe.  Disturbances  in  the  su- 
tionary  frame  of  reference,  i.e.,  the  ICV  wakes,  are  the  un¬ 
steady  aerodynamic  forcing  functions  to  the  first-stage  rotor 
row.  The  rotor  periodic  uiuteady  inlet  flow  field  generated  by 
these  disturbances  is  measured  with  a  cross  hot-wire  mounted 
in  the  rotor  frame  of  reference.  The  probe  is  axially  mounted 
30  percent  of  rotor  chord  upstream  of  the  rotor  leading  edge 
plane.  A  potential  flow  field  analysis  determined  this  axial 
location  to  be  such  that  leading  edge  potential  effects  are  neg¬ 
ligible  for  all  steady  loading  levels.  The  probe  is  angularly 
aligned  to  obtain  rotor  relative  velocity  and  flow  angle  data. 
The  cross  hot-wire  probe  was  calibrated  and  linearized  for 
velocities  from  18.3  m/s  to  S3.4  m/s  and  ±33  deg  angular 
variation,  with  the  acoiracy  of  the  velociiy  magnitude  and 
flow  angle  were  determined  to  be  4  percent  and  ±1.0  deg, 
respectively.  Centrifugal  loading  effects  on  the  rotating  hot¬ 
wire  sensor  resistances  and,  thus,  the  responses,  were  found 
to  be  negligible. 

The  detailed  steady  aerodynamic  loading  on  the  rotor  blade 
surfaces  is  measured  with  a  chordwise  distribution  of  20  mid¬ 
span  static  pressure  ups,  lOon  each  surface.  The  static  pressure 
at  the  rotor  exit  plane,  measured  with  a  rotor  d*- jm  sutic  tap, 
is  used  as  the  blade  surface  static  pressure  reference.  These 
static  pressure  measurements  are  made  using  a  rotor-based  48 
port  constant  speed  drive  Scanivalve  system  located  in  the  rotor 
drum. 

The  measurement  of  the  midspan  rotor  blade  surface  un¬ 
steady  pressures  is  accomplished  with  20  ultraminiature,  high- 
response  transducers  emb^ded  in  the  rotor  blades  at  the  same 
chordwise  locations  as  the  static  pressure  taps.  To  minimize 
the  possibility  of  flow  disturbances  associated  with  the  inability 
of  the  transducer  diaphragm  to  maintain  the  surface  curvature 
of  the  blade  exactly,  a  reverse  mounting  technique  is  utilized. 
The  pressure  surface  of  one  blade  and  the  suction  surface  of 
the  ^jacent  blade  are  instrumented,  with  transducers  em¬ 
bedded  in  the  nonmeasurement  surface  and  connected  to  the 
measurement  surface  by  a  sutic  tap.  The  embedded  dynamic 
transducers  are  both  sutically  and  dynamically  calibrated.  The 
static  calibrations  show  good  linearity  and  no  discernible  hys¬ 
teresis.  The  dynamic  calibrations  demonstrate  that  the  fre¬ 
quency  responses,  in  terms  of  gain  attenuation  and  phase  shift, 
are  not  affected  by  the  reverse  mounting  technique.  The  ac¬ 
curacy  of  the  unsteady  pressure  measurements,  determined 
from  the  calibrations,  is  ±4  percent. 

The  rotor-based  sutic  pressure  Scanivavie  transducer,  ro¬ 


tating  cross  hot-wire  probe,  and  20  blade  surface  dynamic 
pressure  transducers  are  interfaced  to  the  stationary  frame-of- 
reference  through  a  40  channel  slip  ring  assembly.  On-board 
signal  conditioning  of  the  transducer  output  signals  is  per¬ 
formed  to  maintain  a  good  signal-io-noise  ratio  through  the 
slip  rings.  The  remaining  17  channels  of  the  slip-ring  assembly 
are  used  to  provide  exciution  to  the  transducers  and  on/off 
switching  to  the  Scanivalve  d-c  motor. 


Data  Acquisition  and  Analysis 

Steady  Data.  The  rotor  blade  surface  static  pressure  data, 
measured  with  the  rotor-based  Scanivalve  system,  are  defined 
by  a  root-mean-square  error  analysis  of  20  samples  with  a  93 
percent  confidence  interval.  The  reference  for  these  midspan 
blade  pressure  measurements  is  the  static  pressure  at  the  exit 
of  the  rotor  measured  in  the  rotor  drum.  Thus,  the  blade 
surface  and  the  reference  sutic  pressures  are  measured  at  dif¬ 
ferent  radii.  Hence,  a  correction  for  the  resulting  difference 
in  the  radial  acceleration  is  applied  in  calculating  the  blade 
surface  static  pressure  coefficient: 


(I) 


where  U,  is  the  rotor  blade  tip  speed. 

Period  Dau.  The  periodic  dau  of  interest  are  the  har¬ 
monic  components  of  the  aerodynamic  forcing  function  to  the 
flrst'Stage  rotor  blade  row  together  with  the  resulting  rotor 
blade  surface  unsteady  pressures  and  unsteady  pressure  dif¬ 
ferences.  These  are  determined  by  defining  a  digitized  ensem¬ 
ble-averaged  periodic  unsteady  ae^ynamic  dau  set  consisting 
of  the  routing  cross  hot-wire  probe  and  blade  surface  dynamic 
pressure  transducer  signals  at  each  steady  operating  point.  In 
particular,  these  time-variant  signals  arc  digitized  with  a  high¬ 
speed  a-D  system  at  a  rate  of  100  kHz  and  then  ensemble 
averaged. 

The  key  to  this  averaging  technique  is  the  ability  to  sample 
dau  at  a  preset  time,  accomplished  by  an  optical  encoder 
mounted  on  the  rotor  shaft.  The  microsecond  range  step  volt¬ 
age  signal  from  the  encoder  is  the  data  initiation  time  reference 
and  triggers  the  high-speed  A-D  multiplexer  system.  To  reduce 
significantly  the  random  fiuauations  superimposed  on  the  pe¬ 
riodic  signals  of  interest,  200  averages  are  used.  A  Fast  Fourier 
Transform  (FFT)  algorithm  is  then  applied  to  these  ensemble- 
averaged  signals  to  determine  the  harmonic  components  of  the 
unsteady  aerodynamic  forcing  function  and  the  resulting  rotor 
biade  surface  harmonic  unsteady  pressures  and  pressure  dif¬ 
ferences. 

The  unsteady  inlet  flow  field  to  the  rotor  row  is  measured 
with  the  rotating  cross  hot-wire  probe,  which  quantifies  the 
relative  velocity  and  flow  angle.  Tlie  velocity  triangle  relations 
depicted  in  Rg.  I  are  then  used  to  determine  the  unsteady  inlet 
flow  field  to  the  rotor,  in  particular,  the  streamwise  and  trans¬ 
verse  velocity  components,  u*  and  v*,  respectively.  These  are 
then  Fourier  decomposed  to  determine  the  first  harmonic  of 
the  streamwise  and  transverse  velocity  components,  termed  the 
streamwise  and  transverse  gust  components,  0*  and  u''. 

The  various  unsteady  aerodynamic  gust  mathematical  models 
reference  the  gust-generated  airfoil  aerodynamic  response  to 
a  transverse  gust  at  the  leading  edge  of  the  airfoil.  However, 
in  the  experiments  described  herein,  the  time-variant  data  are 
reference  to  the  initiation  of  the  data  acquisition  shaft  trigger 
pulse.  Thus,  for  consistency  with  the  models,  the  periodic  ><ata 
are  further  analyzed  and  referenced  to  a  transverse  gust  at  the 
leading  edge  of  the  first  stage  rotor  blade.  This  is  accomplished 
by  assuming  that :  ( I )  the  aerodynamic  forcing  function  remains 
fixed  in  the  stationary  reference  frame:  and  (2)  the  forcing 
function  does  not  decay  from  the  rotating  hot-wire  probe  axial 
location  to  the  rotor  row  leading  edge  plane. 
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The  rotor  blade  surface  unsteady  pressure  data,  measured 
with  the  embedded  hieh  response  pressure  transducers,  arc 
analyzed  to  determine  the  harinonics  of  the  chordwise  distri¬ 
bution  i>f  the  unsteady  pressure  coefficient,  Q,  and  the  un- 
stc,-  pressure  difference  coefficient,  C^.  These  arc  defined 
in  f  i.  ‘2)  and  arc  specified  from  ihe  Fourier  coefficients  of 
the  k..(!iti/.cd  ensemble-averaged  dynamic  pressure  transducer 
signals. 


II 

(2u) 

^p.Micnon 

{2b) 

where  i?*  is  the  first  harmoniejransverse  gust  component.  K. 
is  the  mean  axial  velocity,  and  H  is  the  relative  mean  flow  angle 
in  rad. 

The  final  forms  of  the  gust-generated  rotor  blade  row  un¬ 
steady  aerodynamic  data  define  the  chordwise  distribution  of 
the  harmonic  complex  unsteady  pressure  and  pressure  differ¬ 
ence  coefficients.  Also  included  as  a  reference  are  predictions 
from  the  transverse  gust  analysis  of  Smith  (1971).  This  model 
analyzes  the  unsteady  aerodynamics  generated  on  a  flat  plate 
airfoil  ca.scade  at  zero  incidence  by  a  transverse  gust  convected 
with  an  inviscid,  subsonic,  compressible  flow. 

Resulls 

A  series  of  experiments  are  performed  to  investigate  and 
quantify  the  effects  on  the  unsteady  aerodynamic  gust  response 
of  the  first-stage  rotor  blade  row  due  to  the  detailed  variation 
of  the  unsteady  aerodynamic  forcing  function  generated  by 
the  IGV  wakes.  Forcing  function  effects  include  both  the  trans¬ 
verse  and  chordwise  gust  components,  defined  by  the  ratio  of 
the  amplitudes  of  the  first  harmonic  streamwise-to-transverse 
gust  components,  I,  and  the  gust  amplitude,  defined 

by  the  ratio  of  the  first  harmonic  transverse  gust  magnitude 
to  mean  axial  velocity,  li;*/P,l.  The  ratio  of  the  streamwise- 
to-transverse  gust  amplitude,  I  u  *  /  v*  I .  was  varied  by  changing 
the  IGV  setting  angle.  The  level  of  steady  aerodynamic  loading, 
characterized  by  the  mean  incidence  angle,  was  varied  as  a 
parameter.  The  variation  in  the  rotor  blade  steady  loading  was 
obtained  by  holding  the  rotor  speed  constant  and  varying  the 
mass  flow  rate  and,  thus,  the  mean  flow  incidence  angle  to 
the  rotor  blade  row. 

Periodie  Aerodyumic  Forcing  Fnnciion.  Four  distinct  36- 
per-revolution  aerodynamic  forcing  functions  to  the  first-stage 
rotor  blade  row  are  generated,  characterized  by  nominal  first 
harmonic  streamwise-to-transverse  gust  amplitude  ratios  of 
0.29.  0.37,  0.4S,  and  O.SS.  The  unsteady  aerodynamic  gust 
generated  from  the  IGV  wake  first  harmonic  have  nominal 
reduced  frequency  values  between  5  and  6.  The  Fourier  decom¬ 
position  of  these  IGV  wake  aerodynamic  forcing  functions  to 
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the  first-stage  rotor  row  shows  a  dominant  36-per-re*'  exci¬ 
tation  fundamental  harmonic  with  smaller  higher  harmonics. 
As  the  gust  amplitude  ratio  increases,  the  transverse  harmonic- 
gust  amplitudes  become  smaller  while  the  streamwise  harmonic- 
gust  amplitudes  becomes  larger  with  respect  to  the  mean  axial 
velocity. 

Blade  Surface  Steady  Pressures.  The  effect  of  steady  aero¬ 
dynamic  loading  as  characterized  by  the  mean  incidence  angle 
on  the  rotor  blade  surface  steady  pressure  coefficient  is  shown 
in  Fig.  3.  The  level  of  steady  loading  only  affects  the  steady 
pressure  distribution  on  the  pressure  surface  over  the  front  40 
percent  of  the  chord.  On  the  suction  surface,  the  steady  loading 
variation  has  a  large  effect  on  the  steady  pressure  distribution 
over  the  entire  suction  surface.  Also,  these  data  give  no  in¬ 
dication  of  suction  surface  flow  separation.  It  should  be  noted 
that  these  surface  steady  pressure  distributions  are  not  affected 
by  the  characteristics  of  the  periodic  unsteady  aerodynamic 
forcing  function. 

Rotor  Row  Periodic  Aerodynamic  Response.  The  periodic- 
aerodynamic  responses  of  the  first-stage  rotor  blade  row  to 
the  IGV  wake  first  harmonic  forcing  function  arc  presented 
in  the  format  of  the  chordwise  distribution  of  the  complex 
unsteady  pressure  coefficient  on  the  individual  rotor  blade 
surfaces  as  well  as  the  corresponding  complex  unsteady  pres¬ 
sure  difference  coefficient  generated  by  the  36-pcr-rcv  IGV 
wake  first  harmonic  forcing  function,  with  the  steady  loading 
level  as  a  parameter. 

Pressure  Surface  Unsteady  Pressure.  The  effect  of  steady 
aerodynamic  loading  level  on  the  IGV  wake-generated  first 
harmonic  complex  unsteady  pressure  distribution  on  the  rotor 
blade  pressure  surface  is  shown  in  Figs.  4,  S.  6,  and  7  for 
nominal  streamwise-to-transverse  gust  amplitude  ratios  of  0.29. 
0.37,  0.45,  and  0.55,  respectively.  The  first  harmonic  gust 
amplitude,  characterized  by  IF^/k',!  values  of  approximately 
0.1.  is  small  compared  to  the  mean  axial  velocity. 

For  each  gust  amplitude  ratio  value,  the  form  of  the  di¬ 
mensionless  unsteady  pressure  coefficient  specified  in  Eq.  (2) 
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results  in  a  compression  of  the  unsteady  pressure  magnitude 
data  over  the  entire  pressure  surface  for  all  gust  amplitude 
ratios  and  ail  but  the  two  lowest  steady  loading  levels.  For 
these  two  loading  cases,  large  variations  are  found  in  the  mag¬ 
nitude  dau  in  the  neighborhood  of  the  quarter  chord,  with 
these  variations  deaeasing  with  increasing  gust  amplitude  ra¬ 
tio.  This  corresponds  to  the  previously  noted  effects  of  steady 


loading  on  the  rotor  blade  surface  steady  pressure  wherein 
loading  primarily  influences  the  front  part  of  the  pressure 
surface.  Namely,  the  steady  pressure  coefficient  value  for  the 
rotor  drum  hub  steady  pressure  coefficient  upstream  of  the 
rotor  row  is  approximately  -0.24,  thereby  indicating  that  the 
mean  flow  field  accelerates  around  the  pressure  surface  leading 
edge  before  decelerating  (diffusing)  for  the  two  lowest  mean 
inciitence  angles,  i.e.,  the  steady  pressure  coefficient  decreases 
and  then  increases. 

The  level  of  steady  loading  has  only  a  minimal  effect  on  the 
pressure  surface  unsteady  pressure  phase,  the  exception  being 
the  two  lowest  steady  loading  levels  in  the  fro>it  chord  region. 
Also  as  I  increases,  the  decrease  in  phase  in  the  23 

percent  chord  region  becomes  less  for  the  two  low  steady  load¬ 
ing  levels,  while  the  three  highest  steady  loading  levels  in  the 
front  chord  region  and  all  steady  loading  levels  in  the  aft  chord 
region  remain  relatively  unaffected  by  the  gust  amplitude  ratio. 

SactioB  Surfaec  Unsteady  Prcssares.  The  effect  of  steady 
aerodynamic  loading  on  the  IGV  wake-generated  first  har¬ 
monic  complex  unsteady  pressure  on  the  rotor  blade  suction 
surface  is  shown  in  Figs.  8, 9, 10,  and  1 1  for  the  four  nominal 
gust  amplitude  ratio  values. 

The  unsteady  pressure  coefficient  magnitude  on  the  entire 
suction  surface  is  a  strong  function  of  the  level  of  steady 
aerodynamic  loading.  This  corresponds  to  the  previously  pre¬ 
sented  suction  surface  steady  pressure  data  variation  with  mean 
incidence  angle.  For  all  gust  amplitude  ratios,  the  front-to- 
midchord  region  dau  show  a  decrying-increasing  magnitude 
trend  with  chord,  with  the  minimum  magnitude  chordwise 
location  moving  forward  with  increasing  steady  loading.  This 
minimum  corresponds  to  the  minimum  in  the  steady  pressure 
chordwise  distribution.  Fig.  S,  wherein  the  chordwise  location 
of  the  change  from  accelerating  to  decelerating  mean  flow 
moves  forward  with  increasing  mean  incidence.  Thus,  similar 
to  the  pressure  surface  unsteady  response  in  the  front  chord 
region  at  negative  mean  incidence  angle,  the  unsteady  gust 
interacts  with  the  accelerating  mean  flow  field  around  the 
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suction  surface  in  the  front  chord  refion.  In  the  mid-to-aft 
chord  region,  the  gust  amplitude  ratio  alters  the  effect  of  steady 
loading  on  the  chordwise  distributions  of  the  unsteady  pressure 
response.  Namely,  for  the  large  gust  ampUnute  ratios,  a  de- 
Gtcating>increasing  unsteady  pressure  magnitude  trend  with 
chord  occurs,  adth  the  minimum  moving  forward  with  in¬ 


creasing  steady  loading.  As  \Q*/0*  I  decreases,  this  increasing- 
deoeasing  magnitude  trend  with  chord  becomes  smoother  and 
the  data  increase  dramatically  in  magnitude  in  the  aft  half 
chord.  Thus,  for  this  higher  camber  suction  surface,  the  mean 
flow  field  interacts  with  the  unsteady  gust  over  the  entire  blade 
surface,  with  the  gust  amplitude  ratio  affecting  the  response 
over  the  aft  half  of  the  surface. 
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Nearest  to  the  leading  edge,  the  magnitude  data  increase 
with  increasing  steady  loading  tevd.  As  noted  previously,  this 
steady  loading  trend  is  attributed  to  the  IGV  wake  first  har¬ 
monic  gust  imeracting  with  the  mean  accelerating  (low  field 
around  the  blade  leading  ed^.  Hathaway  et  al.  (1987)  have 
experimentally  demonstrated  the  interaction  of  a  rotor  wake 
with  a  downstream  stator  row.  They  found  that  from  ap¬ 
proximately  -20to  lOperoent  of  Ihedownstreamstator  chord, 
the  rotor  wake-generated  unsteady  velocity  magnitude  in¬ 
creases,  with  the  increase  becoming  larger  as  steady  loading 
increases.  This  indicates  that  the  wake-generated  gust  m^- 
nitude  increases  due  to  the  interaction  with  the  accelerating 
mean  flow  Held  around  the  blade  leading  edge. 

With  regard  to  the  phase  of  the  unsteady  pressure,  the 
$ueamwise-to-transverse  gust  amplitude  ratio  has  minimal  ef¬ 
fect,  with  steady  loading  primarily  affecting  the  phase  on  the 
aft  three  quarters  of  the  chord.  As  the  mean  incidence  angle 
is  increased  from  the  low  loading  level,  the  chordwise  variation 
of  the  phase  data  on  the  aft  part  of  the  surface  becomes  linear, 
with  the  extent  of  this  linear  distribution  increasing  with  in¬ 
creasing  mean  incidence.  This  linear  chordwise  distribution 
indicates  the  existence  of  a  wave  phenomenon,  with  a  con- 
veaive  velocity  equal  to  the  mean  axial  velocity  through  the 
blade  row  (20.5  m/s).  This  mean  axial  velocity  wave  phenom¬ 
enon  has  been  experimentally  detected  by  other  authon  (Fleeter 
etal.,  1980;  Hodson,  1985)  but  is  yet  to  be  physically  explained. 

Summarizing  these  blade  surface  steady  loading  and  gust 
amplitude  ratio  effecu,  for  the  low  camber  pressure  surface 
in  the  chorwise  region  where  the  mean  flow  field  does  not 
accelerate,  i.e.,  the  mid-to-aft  chord  region  for  ah  steady  load¬ 
ing  levels  and  the  front  chord  region  for  the  three  high  steady 
loading  leveb,  the  data  compress  for  all  gust  amplitude  ratios, 
indicating  that  steady  loading  as  characterized  by  the  mean 
flow  incidence  is  a  key  mechanism  for  the  low  camber  unsteady 
aerodynamic  wake  response.  However,  in  an  accelerating  mean 


nQ.13  steady  toadliio  eMaet  on  talada  uiwttady  pfMaim  dlHMMie* 
roeponao  lor  a  nominal  Siai  hannonle  i  ol  0J7 


flow  field,  i.e.,  the  front  chord  region  for  the  two  low  steady 
loading  levels,  mean  flow  field  interactions  with  the  unsteady 
glut  are  also  important.  As  the  gust  amplitude  ratio  increases, 
this  interaction  lessens.  On  the  higher  camber  suaion  surface, 
the  imeraetkm  between  the  mean  flow  Held  and  the  unsteady 
gust  af  fecu  the  unsteady  aerodynamic  response  over  the  entire 
Made  surface  for  ail  st^y  loading  levels  and  streamwise-to- 
transvetse  gust  amplitude  ratios.  Also,  the  gust  amplitude  ratio 
has  a  large  effect  on  these  interactions  over  the  aft  half  of  the 
blade  surface. 

Unsteady  Pressnre  Differences.  The  steady  loading  effect 
on  the  first  harmonic  of  the  complex  unsteady  pressure  dif¬ 
ference  across  the  rotor  blade  camberline  is  shown  in  Figs.  12, 
13,  14,  and  15  for  the  nominal  streamwise-to-transverse  gust 
amplitude  ratios  of  0.29,  0.37,  0.45,  and  0.55,  respectively. 
Also  presented  as  a  reference  are  the  flat  plate  cascade,  inviscid. 
transverse  gust  predictions  of  Smith  (1971)  and  Whitehead 
(1987). 

The  effects  of  steady  loading  on  the  previously  presented 
individual  pressure  and  suction  surface  magnitude  and  phase 
dau  are  still  apparent,  with  the  suction  surface  effects  being 
dominant.  For  example,  analogous  to  the  high  gust  amplitude 
steady  loading  trends  on  the  suction  surface  for  the  high  gust 
amplitude  ratio,  the  unsteady  pressure  difference  magnitude 
dau  show  two  decreased  magnitude  regions,  one  in  the  front 
chord  region  and  the  other  in  the  mid-to-aft  chord  region,  with 
the  chordwise  location  of  the  magnitude  minima  moving  for¬ 
ward  with  increased  steady  loading.  Also,  the  chordwise  lo¬ 
cation  where  the  rapid  increase  in  value  of  the  phase  <iata 
b^ns  to  occur  moves  forward  with  increasing  steady  loading 
similar  to  the  suction  surface,  whereas  for  the  low  steady  load¬ 
ing  level,  the  phase  decreases  sharply  at  25  percent  rotor  chord 
per  the  pressure  surface  trends.  Similar  to  the  steady  loading 
trends  in  the  suction  surface  aft  chord  region,  as  the  gust 
amplitude  ratio  decreases,  the  magnitude  dau  increase. 
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These  steady  toadiag  ef  fccu  cause  the  cfaordwise  dittri'Mtioii 
of  the  unsteady  ptessure  differenoe  magnitude  and  phase  dau 
to  differ  greatly  from  the  flat  plate  cascade  predictions,  with 
the  magnitude  dau  not  just  decreasing  with  increasing  chord 
and  the  phase  dau  not  remaining  nearly  constant  with  chord 
per  the  predictions.  The  lowest  steady  loading  level,  which 
most  ck^y  approximates  the  prediction  modd  no  loading 
condition,  shows  fair  comparison  with  the  magnitude  dma, 
except  in  chord  regions  where  strong  gust  interactions  with  the 
steady  flow  fleld  occur,  i.e.,  the  pressure  surface  interaction 
at  2S  percent  chord  and  the  suction  surface  interaction  in  the 
aft  chord.  The  prediction  differs  from  the  phase  dau  by  ap¬ 
proximately  90  deg  over  the  entire  blade  except,  once  again, 
in  the  25  percent  and  aft  chord  region. 

EHcet  ef  Cast  AmpMadc.  The  previous  results  coriit  jered 
the  periodic  aerodynamic  response  of  the  first-stage  rotor  blatte 
row  to  relativeiy  small  amplitude  IGV  wake  fint  harmonic 
gusts,  with  the  ratio  of  the  transverse  gust  to  mean  axial  velocity 
on  the  order  of  O.i.  The  effect  of  larger  amplitude  gusts.  10*/ 

I  on  the  order  of  0.3,  on  the  blade  surface  unsteady  pressure 
response,  including  the  effect  of  steady  loading,  are  presented 
in  Figs.  16  and  17,  where  the  effect  of  operation  at  the  five 
nominal  steady  loading  levels  is  also  included,  in  particular, 
these  figures  present  the  chordwise  distribution  of  the  complex 
unsteady  pressure  coefficient  on  the  pressure  and  suction  sur¬ 
faces  generated  by  large  amplitude  36-per-rev  IGV  wake  first 
harmonic  forcing  functions. 

The  effect  of  the  larger  amplitude  gusts  on  the  pressure 
surface  unsteady  pressure  response  is  demonstrated  by  com¬ 
paring  the  high-amphtude  gust  generated  response  with  that 
resulting  from  the  low-amplitude  gust  of  the  same  nominal 
streamwise-to-transverse  gust  amplitude  ratio  value.  Figs.  5 
and  16.  Nearly  identical  unsteady  pressure  magnitude  and  phase 
responses  are  shown  for  both  ^ist  amplitudes  except  in  the  25 


ng.  1i  tie  spy  laednig  ellMl  on  Made  neieedy  pnaeuta  dtWeieiice 
weaenii  tor  e  eemUiel  lUet  hennonle  lO'in  et&SS 


n 

rr 

k 

75 

-ii* 

SOS 

034 

02S2 

Q 

-0I» 

om 

S4I 

035 

0214 

o 

so* 

0300 

S9S 

OSS 

02ia 

o 

ss* 

0313 

M 

034 

Q2S7 

Q. 

TS* 

0322 

074 

033 

0247 

o»— ■  - 1 _ I 

ng.  ta  tIoeOy  leading  oHoei  on  Made  praeauia  aiiilaea  taepoiMa  lor 
Iwge  anwIWadi  guata 


percent  chord  region  for  the  lowest  two  mean  flow  incidence 
angles.  In  this  front  chord  region  at  negative  mean  flow  in¬ 
cidence,  the  interaction  between  the  accelerating  mean  flow 
field  and  the  unsteady  gust  is  weaker  for  the  larger  amplitude 
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gust,  as  evidenced  by  the  decrease  in  the  magnitude  and  phase 
variation. 

The  effect  of  large-amplitude  gusu  on  the  suction  surface 
unsteady  pressure  response  is  seen  by  comparing  the  high  and 
low-amplitude  gust-generated  response  for  equivalent  gust  am¬ 
plitude  ratio  values.  Figs.  9  and  17.  The  phase  dau  are  un¬ 
affected  by  the  gust  amplitude,  with  the  steady  loading  effect 
on  the  pbm  cbordwise  distributions  being  nearly  equivalent. 
However,  the  magnitude  dau  are  greatly  affected  by  the  gust 
ampUtud^  particularly  over  the  aft  three  quartern  of  the  sur¬ 
face.  The  h^ampUtude  gust  magnitude  dau  are  greatly  cte- 
creased  compared  to  the  low-amplitude  gust  magnitude  dau. 
with  the  steady  loading  effect  being  greatly  reduced.  Thus, 
similar  to  the  pressure  surface  front  chord  region  at  negative 
mean  flow  incidence,  the  interaction  of  high-amplitude  gusts 
with  the  mean  flow  is  weaker  than  the  interaction  of  low- 
amplitude  gusts  with  the  mean  flow. 

SnatoMry  aad  Coadusioas 

The  rotor  blade  row  fundamental  unsteady  aerodynamic 
flow  physics  generated  by  periodic  wakes  were  investigated  at 
realistic  values  of  the  reduced  frequency.  In  pmicular.  the 
effects  of  the  detailed  unsteady  aerodynamic  forcing  function, 
including  both  the  transverse  and  chordwise  first  harmonic 
gust  comp^nts  and  the  gust  amplitude,  as  well  as  steady 
aerodynamic  loading  on  the  unsteiKiy  aerodynamic  gust  re¬ 
sponse  of  the  Tirst-siage  rotor  blade  row,  were  investigated 
8^  quantified.  This  was  accomplished  by  means  of  a  series 
of  experiments  performed  in  an  extensively  instrumented  axial 
flow  research  compressor. 

The  rotor  Wade  surface  steady  loading  distributions  were 
quantified  with  surface  static  pressure  taps  and  a  rotor-lmted 
Scanivaive  system.  The  aerodynamic  forcing  function  to  the 
rotor  Wade  row  was  determined  with  a  rotating  cross  hot-wire 
probe,  with  the  aerodynamic  gust-generated  rotor  blade  sur¬ 
face  unsteady  pressure  chordwise  distributions  measured  with 
embedded  ultraminiature  high-response  dynamic  pressure 
transducers. 


ThcdeiaUed  iOV  wake  generated  unsteady  aerodynamic  re¬ 
sults  of  these  experimenu  are  summarixed  in  the  following. 

Fnrclag  Fnnetlen 

•  The  ICV  wake  forcing  funaion  shows  a  dominant  36- 
per-rev,  with  smaller  higher  harmonic  content. 

■ade  Surface  Sleady  Preseurrt 

•  Steady  loading  affecu  the  steady  pressure  distribution 
on  the  front  portion  of  the  Wade  pressure  surface  and  over 
the  entire  suction  surface. 

•  The  unsteady  gust  amplitude  ratio  and  magnitude  have 
negligible  effect  on  the  steady  pressure  distribution. 

Pressure  Surface  Rssganrr 

•  The  unsteady  pressure  phase  data  are  nearly  independent 
of  the  steady  loading  level  and  the  gust  amplitude  ratio  except 
in  the  front  chord  region  at  negative  mean  Row  incidence. 

•  The  selected  unsteady  pressure  nondimensionalization 
compresses  the  magnitude  data  with  regard  to  mean  flow  in¬ 
cidence  angle  for  each  gust  component  amplitude  ratio  except 
in  the  front  chord  region  for  negative  mean  flow  incidence. 

•  Increasing  the  gust  amplitude  ratio  results  in  weaker  in¬ 
teractions  between  the  mean  and  unsteady  flow  rields  in  the 
front  chord  region  at  negative  mean  flow  incidence. 

•  Large-amplitude  gusts  reduce  this  interaction  between 
the  unsteady  gust  and  the  accelerating  mean  flow  field. 

•  The  magnitude  of  the  unsteady  pressure  response  on  the 
blade  pressure  surface,  i.e.,  the  low  camber  surface,  is  thus 
primarily  affected  by  the  level  of  steady  loading  as  character¬ 
ized  by  the  mean  flow  incidence  angle  except  in  the  accelerating 
mean  flow  field  of  the  front  chord  region  at  negative  mean 
flow  incidence. 

Suction  Surface  Rcapouae 

•  The  unsteady  pressure  phase  data  are  nearly  independent 
of  the  gust  component  amplitude  ratio,  with  increased  mean 
incidence,  resulting  in  a  linear  cbordwise  distribution,  which 
corresponds  to  a  wave  phenomenon  convected  at  the  mean 
axial  velocity  of  the  flow  through  the  rotor  blade  row. 

•  The  selected  unsteady  pressure  nondimensionalization 
does  not  compress  the  magnitude  dau  with  regard  lo  mean 
flow  inddence  angles. 

•  The  mid-to-Wt  chord  magnitude  dau  are  a  strong  func¬ 
tion  of  the  gust  amplitude  ratio,  with  the  increase  in  magnitude 
with  increasing  steady  loading  becoming  smaller  with  increas¬ 
ing  gust  amplitude  ratio. 

•  Large-amplitude  gusu  reduce  these  mean  flow  Held  in¬ 
teractions  with  the  unsteady  gust,  similar  to  the  pressure  sur¬ 
face. 

•  The  magnitude  of  the  unsteady  pressure  response  on  the 
blade  suction  surface,  i.e.,  the  higher  camber  surface,  is  thus 
affeaed  by  both  the  steady  flow  field  interactions  and  the  gust 
amplitude  ratio. 

Unsteady  Pressure  Oiffcreace  Response 

•  The  unsteady  pressure  difference  dau  reflect  the  effects 
of  loading  on  the  pressure  and  suction  surface  unsteady  data, 
with  the  suction  surface  effecu  being  dominant. 

•  These  steady  loading  effects  cause  the  chordwise  distri¬ 
bution  of  the  magnitude  and  phase  data  to  differ  greatly  from 
the  flat  plate  cascade  predictions. 

•  The  lowest  steady  loading  level  dau  were  correlated  with 
flat  plate  cascade  predictions,  with  the  unsteady  aerodynamic 
response  correlation  being  fair. 
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Forcing  Function  Generator  Fluid  Dynamic  Effects  on 
Compressor  Blade  Gust  Response 
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Noiaendntiire 

w  pressure  surface  complex  unsteady  pressure 
coefficient 

C^.„  «  suaion  surface  complex  unsteady  pressure 

coefficient 

Cf,  -*  steady  pressure  coefficient  at  rth  chord 
position 

w  pressure  surface  steady  pressure 
coefficient 

C,,,  a  suction  surface  steady  pressure 
coefficient 

a  steady  lift  coefficient 

i  a  rotor  relative  flow  incidence  angle 

i  a  mean  rotor  relative  flow  incidence  angle 

k,  a  streamwise  wave  number,  reduced 

frequency 

1^  a  transverse  wave  number 

a  stalk  pressure  at  rotor  exit 
p',  a  first  harmonk  of  Fourier  decomposed 

pressure 

U  a  flow  velocity  or  wheel  speed 

M  a  streamwise  gust  component 

« '  a  first  harmonk  streamwise  gu.st  component 

If '/r '  -x  streamwise  to  transverse  gust  ratio 
a  mean  axial  velocity 

V  a  transvene  gust  component 

V  ’  a  first  harmonk  transverse  gust  component 

1^  a  mean  rotor  relative  velocity 

w  a  instantaneous  rotor  relative  velocity 

Xi  a  first  chordwise  position  for  blade  surface 

steady  pressure  measurement 
X;  a  last  chordwise  position  for  blade  surface 

steady  pressure  measurement 
a  a  absolute  flow  angle 

a  a  mean  absolute  flow  angle 

fi  a  rotor  relative  flow  angle 
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fi  w  mean  rotor  relative  flow  angle 

Ac;.  w  complex  unsteady  pressure  difference 
coefficient 

AC;,  »  steady  pressure  difference  coefficient 

latrodiictioa 

HE  spatial  flow  nonuniformitics  generated  by  inlet  guide 
vanes,  stators  vanes,  and  struts  are  periodic  temporal 
variations  to  downstream  rotor  blades.  These  spatial  flow 
nonuniformities  in  the  sotionary  frame  of  reference  are  sources 
of  periodic  excitation  to  the  rotor  blades.  When  the  frequency 
of  these  periodk  flow  nonuniformities  coincides  with  a  blade 
natural  frequency,  fatigue  failure  of  the  rotor  blade  may  re¬ 
sult.  thereby  compromising  engine  durability. 

The  prediction  of  the  flow-induced  vibratory  response  of  a 
blade  row  first  requires  a  definition  of  the  unsteady  aerody¬ 
namic  forcing  function  in  terms  of  its  harmonics,  with  each 
harmonk  independently  considered.  Thus,  even  though  forc¬ 
ing  functions  may  be  generated  by  a  wide  variety  of  funda¬ 
mentally  different  sources,  the  forcing  functions  are  a.ssumcd 
to  be  equivalent  if  their  harmonics  are  the  same.  The  unsteady 
aerodynamk  response  of  the  blade  row  to  each  forcing  func¬ 
tion  harmonk  is  then  assumed  to  be  comprised  of  two  com¬ 
ponents:  the  disturbance  being  swept  past  the  nonresponding 
airfoils,  termed  the  gust  unsteady  aerodynamic  and  the  airfoil 
vibratory  response  to  this  disturbance,  referred  to  as  the  mo¬ 
tion-induced  unsteady  aerodynamics  or  the  aerodynamic 
damping. 

Early  treatments  of  unsteady  flow  due  to  periodic  gusts 
were  developed  in  the  linear  approximation  wherein  the  mean 
flow  is  assumed  to  be  uniform.  In  this  approximation,  the 
steady  and  unsteady  flowfields  are  completely  uncoupled  from 
one  another,  with  the  upstream  generated  periodic  gust  aero¬ 
dynamic  forcing  functions  convected  with  the  uniform  mean 
flow.  Semianalytical  unsteady  aerodynamic  analyses  based  on 
this  linear  model  have  been  developed  for  cascades  in  subsonic 
and  supersonic  flows.'"*  Such  models  are  currently  being  ex¬ 
tended  to  consider  unsteady  flows  linearized  about  u  non- 
uniform  mean  flow,  with  the  gust  interacting  with  the  mean 
flow.*’ 

A  number  of  experiments  have  been  directed  at  the  veri¬ 
fication  of  such  mathematical  models  and  the  determination 
of  their  applicability  and  limitations.  As  a  generalization,  it 
appears  that  if  the  assumptions  inherent  in  these  analyse'  irc 
m^eled.  then  the  experiments  provide  data  which  :o>  m 
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HlWCiU  wMi  tlw  pitdioioas.  However,  if  actual  oompres- 
Nir  gperatiiy  ooaditiotis.  i.e..  finite  camber,  steady  loatfng, 
and  nonaeto  incidence  angle,  am  experimentally  modeled, 
ten  te  data-pndktion  oondations  are  not  nearly  as  good. 

Of  particular  mteicst  heiein  are  the  experiments  performed 
by  Manwarinf  and  Fleeter."  which  investigated  the  unsteady 


:  response  of  a  rotor  Made  row  to  two  classically 
I.  as  defined  by  linear  theory.  Their 
I  lint  revealed  the  dependency  of  te  unsteady  aerody¬ 
namic  response  to  a  particular  farcing  function. 

teier.  Khn  and  Fleeter*  identified  te  importance  of  te 
gmt  generator  fluid  dynamics  on  te  resulting  Made  row  re¬ 
sponse.  Their  data  attributed  te  diffcrewces  in  te  gust  re¬ 
sponse  of  te  2  per  tutor  revolution  or  2-E  inlet  distortion 
and  flat  plate  wakes  of  Manwating  and  Fleeter*  to  te  fluid 
dynamfes  of  the  gust  generators.  Namely,  te  inlet  distottion 
gnat  was  generated  ^  an  attached  flow  gust,  while  te  flat 


plme  gust  was  due  to  a  separated  flow  gust.  However,  in  these 
experiments,  a  controlled  study  of  te  effect  of  steady  loading 
coidd  not  be  petfarmed  because  of  te  particular  fetdngfunc- 
tion  genetMors.  i.e..  te  gust  ratio  nuignitude. «  Vv*.  could 
not  be  oontroHed  without  affecting  te  farcing  function  fluid 


la  this  article,  te  fundamental  fardng  fenction  pherramena 
fluid  dynantics  generating  different  Ma^  row  put  responses 
are  investigated  in  a  controlled  maimer,  including  te  im- 
poriant  eff^  associated  with  te  farcing  function  gust  mag¬ 
nitude.  This  is  aoconqilished  by  means  a  series  of  experi¬ 
ments  directed  at  te  investigation  of  unsteady  aerodynamic 
Made  row  response  to  gusts  generated  by  attached  and  sep¬ 
arate  flow  fluid  dynamics  fam  nonairfail  shape  gust  gen- 
erasors.  tifitfa  these  gust  generators,  the  guM  ratio  magnitude 
can  be  controlled  without  affecting  te  farcing  function  fluid 
dynamics.  i.e..  attached  or  sepormed  flow,  thereby  enabling 
a  controlled  study  of  te  effect  of  steady  loading. 

Periodic  2  per  rotor  revolution  or  2-E  unstauty  aerody¬ 
namic  farring  tanctions  to  te  first-stage  rotor  tow  of  the 
extensively  instrumented  Purdue  Axial  Flow  Research  Com- 
pieiior  me  genmte  by  two  honeycomb  section  and  flat 
pfattes  instalte  in  te  compressor  inlet.  These  forcing  func¬ 
tion  are  measured  with  a  rotating  cross  hot-wire,  with  the 
lesaiting  Made  tow  unsteady  aerodynamic  gust  response 
measned  with  dynamic  pressure  transducers  embedded  in  the 
Made  far  steady  iosdiiv  levels  amguv  ^Kim  -3  to  6  deg. 
Furthermore,  unsteady  linear  theory  gust  requirements  ate 
oomideted.  with  appropriate  gust  response  dau  correlated 


with  prediction  from  te  subsonic  unsteady  aerodynamic  flat 
plate  cascade  analysis  of  Smith."’ 

Reaenrcfa  Conpressor 

The  Purdue  Axial  Flow  Research  Compressor  models  the 
fundamental  tnrbomachinety  unsteady  aerodynamic  multi¬ 
sage  interaction  phenomena,  which  include  the  incidence  an¬ 
gle.  the  velocity  and  pressure  variations,  the  aerodynamic 
farcing  function  waveforms,  te  reduced  frequency,  and  the 
unsteady  Made  row  interaction.  The  compressor  is  driven  by 
a  15  bp  de  electiic  motor  at  a  speed  of  22S0  rpm .  Each  identical 
sape  contain  43  rotor  blades  and  31  sutor  vanes  having  a 
British  C4  airfoil  profile,  with  the  first  stage  rotor  inlet  fkw- 
fieU  estabiished  by  an  inlet  guide  vane  (IGV)  row  of  36  air¬ 
foils.  The  2-E  unsteady  aendynmic  forcing  functions  are 
generated  by  two  honeycomb  section  aitd  flat  plates  installed 
180-deg  apan  in  te  compressor  inlet.  The  overall  compressor 
and  airMI  characteristkt  are  defined  in  Table  1. 

The  compressor  aerodynamic  performance  is  determined 
utiliang  a  48-port  Scanividve  system,  thermocouples,  and  a 
veaturi  orifice  to  measure  te  required  pressures,  tempera¬ 
tures,  and  flow  raa,  respectively.  The  Smivalve  transducer 
is  calibrated  each  time  dau  are  acquired,  thus  automatically 
compensating  for  zero  and  span  shifts  of  the  transducer  out¬ 
put.  A  95%  confidence  interval,  ims  error  analysis  of  20  sam¬ 
ples  is  peifmmed  for  each  steady  data  measurement. 

InsammcnUition 

Both  steady  and  unsteady  rotor  blade  row  data  are  ob¬ 
tained.  The  Steady  dau  quantify  te  rotor  row  mean  inlet 
flowfield  and  the  resulting  rotor  Made  midspan  steady  loading 
distribtttion.  The  unsteady  data  define  the  periodic  aerody¬ 
namic  forcte  fenction  and  te  resulting  midspan  Made  sur¬ 
face  periodic  unsteady  pressure  distributions. 

TIte  inlet  flowfield.  both  steady  and  unsteady,  is  measured 
with  a  routing  cron  hot-wire  |»obe.  The  inlet  flowfield  of 
te  first-stage  rotor  row  is  measured  in  te  routing  frame  of 
reference  by  mounting  te  hot  wire  on  the  rotor  drum  18.8% 
chord  upstream  and  65%  Made  spacing  from  a  rotor  Made, 
depicte  in  Fig.  I.  The  hot  wire  is  oriented  for  maximum 
sensitivity,  achieved  when  te  (NIeg  flow  incidence  corre¬ 
sponds  to  the  position  at  which  the  flow  angle  is  4S  deg  to 
wires.  The  hotwire  is  calibrated  for  velocities  from  21.3 
to  62.5  m/s  and  £40-deg  flow  angle  variations.  The  uncer- 
uinties  in  the  velocity  and  the  flow  angle  measurements  were 
determiited  to  be  5%  and  ±0.5  deg.  Centrifugal  loading  cf- 
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fects  on  the  routing  hot-wire  sensor  resisunces  and  thus  the 
icsponses  were  found  to  be  negligible. 

The  detailed  steady  aerodsmamic  loading  on  the  rotor  Unde 
sarfroes  is  measured  with  a  chordwiae  distribution  of  20  nud- 
gpan  static  pressure  taps.  10  on  each  sutfaoe.  TIm  static  pres¬ 
sure  at  the  rotor  exit  plane,  measured  with  a  rotor  drum  sutk 
lap.  is  used  as  the  Made  surface  static  pressure  reference. 
These  static  pressure  measurements  are  made  using  a  rotor 
based.  48-pon  constant  speed  drive  Scanovalse  system  located 
in  the  rotor  drum. 

The  measurement  of  the  midspan  rotor  blade  surUce  un¬ 
steady  pressures  is  aocompUshed  with  20  ultraminiature.  high- 
response  transducers  embedded  in  the  rotor  blades  at  du 
tame  chordwise  locations  as  the  sutic  pressute  taps.  To  min- 
imae  the  possibility  of  flow  dtsturbaooes  associated  with  the 
inability  of  the  transthicer  diaphragm  to  exactly  maintain  the 
surface  curvature  of  the  Made,  a  reverse  mounting  technique 
is  utilized.  The  pressure  surUce  of  one  Made  and  the  suction 
surface  of  the  adjacent  Made  are  instrumented,  with  trans- 
daoen  embedded  in  the  nonmeasurement  surfroe  and  con¬ 
nected  to  the  memurement  surfoce  by  a  stttk  tap.  The  embed¬ 
ded  dynamic  transducers  are  both  statkally  and  dynamically 
calibrated.  The  static  calibrations  show  good  linearity  and  no 
dnoernible  hysteresis.  The  dynamic  caKbratkms  demonsttate 
that  the  ^uency  response,  in  terms  of  gnn  attenuation  and 
phase  sMft.  are  not  affMted  by  the  reverse  mounting  tech¬ 
nique.  The  maximum  error  in  gain  and  phase  angle  were 
determined  to  be  0.60  dB  and  1.S  deg,  reniectively. 

The  rotor-based  static  pressure  Scanivalve  transducer,  ro¬ 
tating  cross  hot-wire  probe  and  20  Made  surface  dynaunk 
psessure  transducers  are  interhued  to  the  stationary  frune- 
of^eferenoe  ihra^  a  4(Vchannel  slqr-rhig  assembly.  On-board 
signal  comhtionii^  of  the  transducer  output  signals  is  per¬ 
formed  to  maintain  a  good  signal-to-noise  ratio  through  the 
slip  rings.  The  remaiaing  17  channeb  of  the  slip-ring  assemMy 
are  used  to  provide  excitation  to  the  transducers  and  on/off 
swhdiiag  to  the  Scanivalve  dc  motor. 


Data  AcqpilaitiOB  and  Anaiyafo 
Sindjr  foasaart  Ossa 

The  rotor  Made  surfoce  static  pressure  dau  are  defined  by 
an  rms  error  analysis  of  20  samples  with  a  95%  confidence 
interval.  The  airfoil  sarfroe  static  pressures  are  presented  in 
terms  of  a  nosutmensional  steady  ptenure  coe^ent.  with 
the  steady  lift  coefficient  calculate  by  integrating  the  differ¬ 
ential  ste^  pressure  coefficient  across  the  rotor  Made  chord: 

(1) 

Since  the  Made  surface  and  the  reference  static  pressures 
are  measured  at  different  radii,  a  correction  is  applied  to  the 
exit  ste^  pressure  to  account  for  centrifugal  effects.*  Tlie 
uacettaimy  in  the  steady  pressure  coefficient  was  estimated 
to  be  £5.6%. 


The  periodic  data  of  interest  are  the  harmonic  components 
of  the  aerodynamic  forcing  function  to  the  first  stage  rotor 
Made  row.  together  whb  the  resulting  rotor  Made  surface 
unsteady  pressures  and  unsteady  pressure  differences.  The^ 
are  deteifinined  by  defining  a  digitized  ensemble-averaged  pe- 
riothconste^  aerodynamic  data  set  consisting  of  the  routing 
cion  hot-wire  probe  and  Made  surfece  dynamic  pressure 
transducer  signals  at  each  steady  operating  point.  In  partic¬ 
ular.  these  time-variant  signals  are  digitized  with  a  high¬ 
speed  analog-digital  (A-D)  system  at  a  rate  of  20  kHz  and 
then  ensemble  avera^. 

The  key  to  this  aveiaginfl  technique  is  the  aMlity  to  sample 
dau  at  a  preset  time,  accomplished  by  an  optical  encoder 
mounud  on  the  rotor  shaft.  The  microsecond  range  step  volt¬ 
age  signal  from  the  encoder  is  the  dau  initiation  time  refer¬ 
ence  and  triggers  the  higb-speed  A-D  multiplexer  system.  To 
significantly  reduce  the  random  fluctuations  superimposed  on 
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the  periodic  signals  of  interest.  200  averages  are  used.  A  fast 
Fourier  transform  (FFT)  algorithm  is  then  applied  to  these 
ensemble*averaged  signals  to  determine  the  harmonic  com* 
ponents  of  the  unstea^  aerodynamic  forcing  function  and  the 
resulting  rotor  blade  surface  harmonic  unsteady  pressures  and 
pressure  differences.  Since  ensemble  averaging  adequately 
separates  the  major  frequency  components,  no  windowing 
functions  are  applied  to  the  dau  during  FFT. 

Fetcins  FwkUm 

The  2*E  unsteady  aerodynamic  forcing  functions  are  gen¬ 
erated  by  two  honeycomb  sections  and  flat  plates  installed 
ISO  deg  apart  in  the  compressor  inlet,  as  illustrated  in  Fig.  2. 
These  foiting  functions  are  broacfly  categorind  as  attadied 
flow  and  separated  flow.  The  forcing  flmction  to  the  first- 
stage  rotor,  the  unsteady  rotor  inlet  flowfield.  is  measured 
with  the  rotating  cross  hot-wire  probe  which  quantifies  the 
relative  velocity  and  flow  angle.  To  the  rotor,  the  flow  from 
the  upstream  honeycombs  or  flat  plates  appear  as  deficits  in 
the  rotor  relative  iiUet  velocity  tV  and  fluctuations  in  the  rotor 
relative  inlet  flow  angle.  Therefore,  the  total  flow  consists  of 
freestream  and  wake  regions,  with  the  instantanew  value  of 
yf  increased  in  the  wake  region  and  decreased  in  the  free¬ 
stream.  The  total  rotor  inlet  relative  veiodty  gust  AW  is  the 
vector  difference  between  the  instantaneous  and  mean  rela¬ 
tive  velocity  W.  It  has  two  components,  u  and  v.  parallel  and 
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normal  to  the  mean  flow  direction.  The  gust  and  its  compo¬ 
nents  are  depicted  in  the  velocity  diagram  of  Fig.  3. 

The  fundamental  fiequency  of  interest  is  the  2-E  forcing 
function  frequency.  Thus,  an  harmonic  analysis  is  utilized  in 
the  data  analysis,  arj^amplbhed  by  taking  the  FFT  of  both 
the  time  variant  rotor  inlet  flowfield  and  the  resulting  un¬ 
steady  aerodynamic  response  of  the  first-stage  rotor  row.  with 
only  the  components  at  the  fundamental  frequency  or  its  har¬ 
monics  analyzed.  Figure  4  shows  the  streamwise  and  trans- 
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«me  gm  vampimeiiXi  iiad  ihcir  FFT,  wMi  the  u  and  v  har- 
wnnig  demiied  by  u '  and  i> ' ,  and  nundimensinnalized  by 
the  mean  roiiir  relative  vekicity.  This  Fourier  transformed 
inlet  flow,  defined  by  ii '  and  r ' .  is  the  unsteady  aerodynamic 
fmeing  funetkm  to  the  downstream  rtMor  r«)w. 


thsmady  t^wasMv  Uala 

The  toitir  Made  pressure  and  suction  surface  unsteady  pres¬ 
sure  data  are  analyzed  to  determine  the  harnumics  of  the 
chordwise  distributkm  of  the  unsteady  pressure  uK'fricient: 


Cu 


P<  - 

prt'-i*  ■ 


(2) 


Hic  unsteady  differential  pressure  ctKfficient  Is  determined 
by  subtracting  the  unsteady  pressure  coefTicient  on  the  suction 
surface  from  that  on  the  pressun;  surface.  The  uncertainty  in 
the  unsteady  pressure  coefTKient  was  estimated  to  he  ±  6J% . 
The  rcsuhii^  unsteady  lift  is  cakulatc'd  by  integrating  the 
unsteady  differential  pressure  eoefficient  tivcr  the  chord.  Then 
the  measured  and  predicted  unsteady  lift  values  are  correlated 
by  mcaiK  of  the  unsteady  lift  ratk>.  with  both  the  the«tretical 
aad  experimental  Jitfcrcittiai  pressure  coefficients  integrated 
between  the  first  and  last  chordwise  positions  of  the  experi¬ 
mental  data: 


C 


c.« 


i/: 


(3) 


Note  that  if  the  experimental  data  are  in  exact  agreement 
with  the  unsteady  linear  theory  prediction,  the  unsteady  lift 
rath  L„„  will  have  a  magnitueJe  of  1.0  and  a  phase  angle  of 
Odeg. 


Results 

A  series  of  experiments  are  performed  in  the  Purdue  Axial 
Flow  Research  Compressen  to  investigate  in  a  controlled  man¬ 
ner  the  fundamental  forcing  function  fluid  dynamics  gener¬ 
ating  different  blade.row  gust  responses  effects,  i.e..  attached 
or  separated  flow,  as  well  as  steady  loading  effects  on  the 
resulting  gust  response  of  the  first-stage  rotor  row.  Attached 
flow  forcing  functions  are  generated  by  9U-deg  honeycomb 
sections  at  5-lS-deg  angle  of  attack  (AOA),  with  separated 
flow  forcing  functions  resulting  from  flat  plates  at  28-S7-<leg 
AOA.  and  45-deg  honeycomb  sections  at  40-deg  AOA.  With 
these  gust  generators,  the  gust  ratio  magnitude  could  be  con¬ 
trolled  without  affecting  the  fordng  function  fluid  dynamics. 
i.e..  attached  or  separated  flow,  thereby  enabling  a  controlled 
study  of  the  effect  of  steady  loading. 

Fur  each  forcing  function  flow,  four  steady  loading  con¬ 
ditions.  as  characterized  by  the  rotor  relative  mean  flow  in¬ 
cidence  angles  are  studied:  f  *  -3,  0.  3.  and  6  deg.  The 
magnitude  and  phase  of  u'lv'  as  a  function  of  loading  for 
the  90-  and  4S-deg  honeycombs  and  flat  plates  are  shown  in 
Fig.  S.  At  each  steady  loading,  the  ma^itude  of  u*/v'  is 
held  relatively  constant  at  0.80  for  the  90-deg  honeycombs 
and  the  flat  plates  and  at  0.62  for  the  45-deg  honeycomb. 
However,  the  resulting  phase  of  u  Vv '  varies  from  i6  to  69 
tin  for  the  90-deg  honeycomb,  from  96  to  88  deg  for  the  45- 
d^  honeycomb,  and  from  59  to  63  deg  with  the  flat  plates. 

Swtet  Steady  PtaMfv  DittrllMlloM 

The  chordwise  rotor  blade  surface  steady  pressure  distri¬ 
butions  for  the  three  forcing  function  flow  types  are  presented 
in  Fig.  6  for  the  low  and  high  rotor  steady  loading  levels,  f 
>  -3  and  6  deg.  These  data  are  compared  with  predictions 
from  an  incompressible,  inviscid  small  camber  airfoil  cascade 


Fla.  5  Hwwywh  and  Hu  ptale  forcina  bwetioas. 


niEssuNc  a  suction  surface 


analysis.  The  rotor  blade  surface  steady  pressure  distribution 
b  a  function  of  the  steady  loading  level,  but  independent  of 
the  forcing  function. 

In  the  pressure  surface  leading-edge  region,  the  steady  pres¬ 
sure  coefficient  increases  with  loading.  It  then  increases  until 
approximately  30%  chord  where  it  becomes  constant,  inde¬ 
pendent  of  the  loading.  In  contrast,  steady  loading  affects  the 
suction  surface  over  the  entire  chord,  with  the  suction  surface 
steady  pressure  coefficient  a  strong  function  of  the  steady 
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kMMliRg  level.  Note  that  there  is  no  evidence  of  suction  surface 
stea^  now  sepnration.  Wiih  regard  to  the  differential  steady 
pressure  coefficient,  the  leading-edge  value  is  negative  at  neg¬ 
ative  values  of  the  relative  mean  flow  incidence,  appmxi- 
matcly  zero  at  (1-dcg  incidence,  increasing  with  increased  load¬ 
ing.  These  data  exhibit  relatively  good  correlation  with  the 
predktkms.  The  steady  pressure  data  is  accomplished  by  the 
mean  rotor  relative  veliR'ity  mea.sured  with  the  rotor  hladc-s 
adfacent  to  the  hot  wire  removed  to  determine  the  value  of 
the  mean  rotor  relative  velocity 

Hsasyrmili  mi  HM  Flalc  AllachH  and  .Separated  Flow  <;enerated 
F'arelaa  F'aurtliais 

Figure  7  shows  the  Fourier  decomposiiion  of  the  >XI-deg 
honeyciNnb  uttac'hed  flow  forcing  function.  The  dominant « ‘ 
magnitude  occurs  at  the  fundamental  frequency  with  the  higher 
harmonic  magnitudes  decrca.scd.  The  v '  spectrum  also  has  a 
dominant  r '  magnitude  at  the  fundamental  frequency,  with 
the  higher  harmimic  magnitudes  decreasing  rapidly. 

The  Fourier  decomposition  of  the  flat  plate  generated  sep¬ 
arated  flow  forcing  function  spectrum  is  presented  in  Fig.  7. 
In  contrast  to  the  attached  flow  forcing  function,  the  funda¬ 
mental  frequency  u '  magnitude  does  not  dominate  and  the 
higher  harmonics  are  an  integral  part  of  the  entire  spectrum. 


2IN 

Similarly,  no  particular  harmonic  of  v '  dominates,  and  the 
magnitudes  of  all  harmonics  are  large.  In  addition,  there  is  a 
minimum  v '  harmonic. 

The  second  separated  flow  forcing  function  is  generated  by 
the  45-deg  honeycomb  sections.  The  Fourier  d^mposition 
of  this  separated  flow  forcing  function  exhibits  some  differ¬ 
ences  as  compared  lo  the  separated  flow  forcing  functions 
generated  by  the  flat  plates  (Fig.  7).  The  first  two  harmonics 
of  u '  dominate  the  spectrum,  with  the  second  harmonic  being 
larger  than  the  first,  but  the  higher  harmonics  arc  of  lower 
magnitude  than  the  flat  plate  forcing  function.  Tlie  first  three 
harmonics  of  v*  and  the  harmonics  near  I2(NI  llz  are  domi¬ 
nant  in  the  V  ’  spectrum,  thereby  producing  u  minimum  c ' 
harnutnic.  analogous  to  the  flat  plate  separated  forcing  func¬ 
tion. 

These  differences  in  the  forcing  function  spectrum  between 
the  attached  flow  911-deg  honeycomb  and  the  separated  flow 
flat  plates  and  4S-dcg  honeycomb  arc  similar  to  the  differences 
that  resulted  from  changing  the  gust  generating  airfoil  AOA 
from  S  lo  20  deg."  i  .e. .  the  magnitudes  of  the  higher  harmonics 
increase  with  flow  separation  relative  to  the  fundamental  fre¬ 
quency  value  leading  to  a  more  impulsive  forcing  function 
when  the  flow  generating  the  gust  is  separated.  These  results 
indicate  that  attached  and  separated  flow  forcing  functions 
have  key  characteristics  that  do  not  depend  on  the  particular 
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forang  fimaioa  fencnlor.  Thin,  the  oonoept  of  attached  and 
separated  flow  fi^ng  functions  is  applicable  to  any  gust  gen- 
cratofs  exhibiting  th^  key  characteristics. 

PsfdBR  F— ctfae  CfSTSIer  FlnM  Dynank  Enectt  m 
CentapMM 

Prtmut  Surface 

Figure  K  shows  the  pressure  surface  gust  response  from  the 
9IMcg  honeycomb  attached  flow  generated  forcing  function. 
The  magnitude  data  smoothly  decrease  with  chord,  becoming 
constant  at  approximately  20%  chord,  and  have  a  small  de¬ 
pendence  on  steady  loading.  The  phase  data  are  independent 
of  steady  loading  and  increase  smoothly  from  the  leading 
edge,  beimming  constant  at  approximately  40%  chord. 

The  chordwisc  trends  in  the  magnitude  response  data  re¬ 
sulting  from  the  flat  plate  and  the  4S-deg  honeycomb  sepa¬ 
rated  flow  generated  forcing  functions  (Figs.  9  and  10)  are 
generally  the  same  as  that  of  the  90-deg  honeycomb  attached 
flow  generated  response.  However,  the  magnitude  data  from 
the  flat  plate  separated  flow  generated  forcing  function  are  a 
stronger  function  of  steady  loading  over  the  entire  chord,  with 
the  4S-deg  honeycomb  separated  flow  generated  response 
magnitude  data  independent  of  steady  losing  over  the  front 
30%  chord,  then  becomiitg  a  weak  function  of  steady  loading. 
In  addition,  the  level  of  the  magnitude  data  from  the  flat  plate 
is  smaller  than  that  resultii^  from  the  attached  flow  9()-deg 
honeycombs  and  the  separated  flow  45-deg  honeycombs,  with 
the  magnitude  data  levels  generated  by  the  hon<rycombs  ap¬ 
proximately  the  same. 

The  pressure  surface  phase  response  data  are  unchanged 
as  the  forcing  function  generator  is  altered  from  the  90-deg 
honeycombs  with  attached  flow  to  the  flat  plates  with  sepa¬ 
rated  flow  and  the  4$-deg  honeycombs  with  separated  flow. 
In  comparison  to  the  pressure  surface  response  data  resulting 
from  the  NACA  airfoil  generated  attached  and  separated  flow 
forcing  functions  reported  by  Kim  and  Fleeter.*  the  90-deg 
honeycomb  attached  flow  response  differs  significantly.  How¬ 
ever.  the  flat  plate  and  4S-^g  honeycomb  separated  flow 
forcing  funakm  generated  responses  agree  in  trend  with  those 
of  the  airfoil  generated  separated  flow  forcing  function.  These 
results  reveal  that  the  pressure  surface  gust  response  resulting 
from  the  attached  flow  generated  forcing  functions  is  sensitive 
to  the  particular  forcing  function  generator,  but  that  the  pres¬ 
sure  surface  gust  response  resulting  from  separated  flow  gen¬ 
erated  forcing  functions  is  less  sensitive  to  the  particular  wake 
generator. 

Suerion  Surface 

Altering  the  attached  flow  forcing  function  from  that  gen¬ 
erated  by  the  90-deg  honeycombs  to  the  separated  flow  forcing 
functions  generated  by  the  flat  plates  and  the  4S-deg  honey¬ 
combs  has  a  significant  effect  on  the  resulting  suction  surface 
gust  response  (Figs.  11-13).  With  the  attached  flow  generated 
forcing  (unction,  the  gust  response  magnitude  rapidly  de¬ 
creases  in  the  leading-edge  region,  becoming  somewhat  con- 
sunt  between  20-40%  chord,  then  decreasing  to  a  minimum 
near  S0%  chord.  Aft  of  55%  chord,  there  is  a  large  inaease 
followed  by  a  sudden  decrease.  Also,  these  magnitude  data 
are  a  function  of  steady  loading  near  the  leading  edge  and  aft 
of  55%  chord. 

As  the  forcing  function  generator  flowfield  is  changed  to 
separated  flow,  the  resulting  chordwise  trends  in  the  suction 
surfoce  gust  response  from  both  the  flat  plate  and  the  4S-deg 
honeycomb  are  similar  to  the  attached  flow  forcing  function 
generated  gust  magnitude  response.  However,  the  chordwise 
(hstribution  of  the  magnitude  dau  beconw  smoother  with  the 
magnitude  data  decreasing  more  rapidly  in  the  leading-edge 
region.  Also,  the  flat  plate  separated  flow  forcing  frinction 
generated  gust magnitude  data  at  the  leading  edge  show  little 
effect  from  steady  loading  changes.  Rather,  these  magnitude 
data  are  strongly  influenced  by  steady  loading  between  10% 
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Fig.  >  fouwirt  surface  fodeg  hcusycouib  atlachcd  flow  gcMralcd 
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Fig.  9  Piusurs  tor.  «  flat  plate  separated  flow  gcncraicd  gust  re- 

chord  and  the  trailing  edge.  The  gust  magnitude  data  gen¬ 
erated  by  the  separated  flow  4S-deg  honeycomb  have  similar 
trends  over  the  front  40%  chord,  but  become  less  dependent 
on  steady  loading  aft  of  40%  chord. 

With  regard  to  the  suction  surface  phase  response  data,  the 
90-deg  honeycomb  generated  gust  phase  response  is  inde¬ 
pendent  of  steady  toiling  over  the  front  20%  chord  and  de¬ 
creases  gradually  with  chord,  becoming  a  function  of  steady 
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Itoiii  thoie  Kwiliflg  from  the  airfoil  gmraled  lepanied  flow 
in  that  the  chordwiae  positiofl  at  which  the  large  pham  de¬ 
crease  starts  moves  forward. 

As  compared  to  the  attached  and  separated  flow  generated 
suction  surface  responses  of  Kim  and  Fleeter,"  the  chordwise 
trends  in  the  suction  surface  response  are  similar  for  the  m^- 
nitude  data,  but  different  for  the  phase  data.  Thus,  the  suction 
surfoce  gust  response  magnitude  appears  to  be  less  sensitive 
to  the  particular  forcing  function  generator  than  the  pressure 
surface  gust  response  for  both  attached  and  separated  flow 
forcing  functions. 

(Aumu/y  PrrsMiur  Oiffeftnee 

As  expected,  based  on  the  individual  airfoil  surface  data, 
changes  in  the  gust  generator  flowricM  has  a  significant  effect 
on  the  unsteady  pressure  difference.  Figures  14- 16  show  the 
pressure  difference  gust  response  resulting  from  the  90-deg 
honeycomb  attached  flow  forcing  function,  flat  plate  sepa¬ 
rated  flow  forcing  function,  and  the  4S-deg  honeycomb  sep¬ 
arated  flow  forcing  function.  The  pressure  difference  mag¬ 
nitude  data  decrease  with  chord,  with  the  decrease  in  the 
leading-edge  region  being  more  rapid  as  the  flow  becomes 
separated  and  with  increased  steady  loading.  This  results  in 
good  agreement  between  the  attached  flow  90-deg  honey¬ 
comb  generated  pressure  difference  magnitude  dau  and  the 
linear  theory  pr^iction,  with  the  agreement  decreasing  for 
the  separated  flow  forcing  function  generated  responses  due 
to  the  flat  plates  and  the  4S-deg  honeycombs. 

The  resulting  gust  pressure  difference  phase  from  the  90- 
deg  honeycomb  anached  flow  forcing  function  is  independent 
of  chord  over  the  front  40%  chord,  becoming  a  strong  function 
of  steady  loading,  increasing  in  value  with  loading  and  dmrd- 
wise  position.  phase  dau  are  in  poor  agreement  widi 
theory,  with  the  sudden  increase  in  phase  in  the  aft  chord 
region  not  predicted  by  theory.  When  the  forcing  function 
flowfkld  is  changed  to  separated  flow,  significant  changes 
occur.  Note  that  the  gust  phase  responses  due  to  the  flat  plate 
and  45-deg  honeycomb  separated  flow  forcing  functions  are 
nearly  identical  (Figs.  14  and  IS).  Unlike  the  attached  flow 
generated  response,  the  phase  response  increases  with  chord 
and  steady  loading  over  most  of  the  chord.  However,  the 


na-  14  PrMsarr  dEtoence  N-ikg  hsmyeewih  ottaefeed  IWw  gm- 
crated  aast  rcsganec. 


%  ROTOR  CHORD 


Fig.  IS  Prciiarc  dMfcieace  flat  pfaMc  icparaicd  flow  generated  gast 
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Fig.  Id  Preware  dUTcrcncc  4S-dcg  koncycondi  separated  flow  gm- 
crated  gast  rceponae. 

pressure  difference  phase  data  from  the  separated  flow  forcing 
functions  are  also  in  poor  agreement  with  the  linear  theory 
predictions  for  both  separated  flow  forcing  functions. 

These  results,  combined  with  those  of  the  NACA  airfoil 
generated  responses,  show  that  the  unsteady  pressure  differ¬ 
ence  resulting  from  different  gust  generators  with  attached 
flow  have  similar  magnitude  data  trends,  but  nut  necessarily 
phase  data  trends.  For  separated  flow  generated  forcing  func- 
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lioiit  of  (liffefem  giM  generalOTK.  ihc  reapoi^  have  similar 
imMli  in  h^  nugnitu^  and  phase.  These  thflcrenccs  in  (he 
presMiK  diflefcncc  gust  respnnsc  among  different  gust  gen- 
enttofs  are  similar  to  those  seen  «m  the  suction  surface.  This 
suQcsts  that  the  suction  surface  gust  response  is  dominant 
over  the  pmsure  surface  gust  resptmse.  Abo.  in  general,  the 
pressure  and  suction  surface  and  the  pressure  difference  re- 
spimses  resulting  from  attached  flow  forcing  functuins  arc 
more  sensitive  to  the  gust  generator  than  the  corresptMiding 
gust  responses  generated  hy  separated  forcing  functions. 

Umirmly  Ufi  CamUakm  with  Uinmr  Thrary 

The  deviation  of  the  differential  pressure  coeffleient  data 
from  the  linear  theory  prediction  is  quantiried  through  the 
unsteady  lift  otcfTicient  ratio  Figure  17  shows  tiK*  var¬ 
iation  of  L„„  with  the  mean  flow  incidence  angle.  The  N  ACA 
UH24  airfoil  generated  data  of  Kim  and  Fleeter'*  arc  also  shown 
in  these  Figures  for  comparison.  In  regard  to  the  magnitude 
correlation,  the  W)-dcg  honeycomb  attached  flow  generated 
forcing  function  correlates  much  better  than  the  separated 
flow  generated  forcing  functions — the  flat  plates  and  the  4S- 
deg  honeycombs. 

These  data  further  support  the  influence  of  forcing  function 
flow  separation  on  decreased  correlation  with  linear  theory, 
disoovered  by  Kim  and  Fleeter.'*  Furthermore,  the  effect  of 
decreased  magnitude  correlation  with  steady  loading  is  clearly 
evident  in  the  nearly  linear  way  in  which  the  90Kleg  honey¬ 
comb,  flat  plate,  and  the  4S-deg  honeycomb  forcing  function 
generated  correlation  deernses  with  steady  loading.  These 

results  are  possible  with  the  honeycombs  and  flat  plates  be¬ 
cause  the  magnitude  of  the  gust  ratio,  u  *lv "  could  be  con- 
trofled.  which  was  not  possibte  with  (he  NACA  0024  airfoils. 
The  pressure  difference  phase  correlation  with  linear  theory 
is  unaffected  by  the  forcing  fiinaion  fluid  dynamics,  i.e..  at¬ 
tached  or  separated  flow. 


tachm  FunedM  Fundamtalal  PBraaiiltn 

To  begin  to  understand  (he  fundamental  differences  be¬ 
tween  the  response  dau  generated  by  the  attached  and  sep- 
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Fig.  IS  Untar  theory  gust. 


arated  flow  and  the  correlation  of  these  data  with  linear  the¬ 
ory.  the  validity  of  the  unsteady  linear  theory  model  for  these 
flows  is  considered.  In  particular,  as  considered  by  Henderson 
and  Fleeter."  '*  linear  theory  requires  that  1)  the  vortical  gust 
vector  components  u "  and  v '  are  180  deg  out  of  phase:  2) 
the  magnitude  of  u  "/v  is  equal  to  the  ratio  Aj/A,.  determined 
from  the  steady  flow  velocity  trian^e;  3)  the  vortical  gust 
vector  is  perpendicular  to  the  direction  of  gust  convection: 
and  4)  the  vortical  gust  vectors  are  parallel  to  one  another. 
Note  the  presence  of  these  features  in  the  linear  theory  vorti¬ 
cal  gust,  shown  in  Figure  18.  When  as.sumptions  1  and  2  are 
valid,  the  gust  automatically  satisfies  assumptions  3  and  4. 
However,  if  these  assumptions  are  not  satisfied,  the  character 
of  the  vortical  gust  changes  in  the  manner  shown  in  Fig.  18. 
When  the  phase  angle  requirement  is  violated,  the  gust  vectors 
become  nonperpendicular  to  the  direction  of  gust  convection, 
whereas  when  the  wave  number  ratio  to  gust  magnitude  ratio 
equivalency  is  violated,  the  gust  vectors  become  nonparallel. 

The  importance  of  the  gust  ratio  phase  angle  with  regard 
to  the  applicability  of  linear  theory  to  turbomachine  blade 
rows  is  illustrated  by  the  consideration  of  the  first  linear  theory 
assumption:  the  streamwise  and  transverse  vortical  gust  com- 
ponenu.  u "  and  V  * ,  are  180  deg  out  of  phase.  This  assumption 
is  violated  independent  of  whether  the  forcing  function  gusts 
are  generated  by  separated  or  attached  flows.  For  all  of  the 
experiments,  the  phase  of  u  ’^/v*'  was  generally  near  70  deg. 
The  significance  of  the  gust  ratio  phase  parameter  for  the 
pressure  difference  phase  dau-theory  correlation  is  evident 
in  Fig.  19.  which  shows  as  a  function  of  the  gust  ratio 
phase.  Note  that  the  honeycomb  and  flat  plate  generated 
phase  dau.  along  with  the  S-deg  AOA  6-deg  incidence  NACA 
0024  airfoil  generated  piuse  data  vrith  a  gust  ratio  phase  equal 
to  54  deg.  correlate  significantly  better  than  the  other  NACA 
0024  airfoil  generated  phase  data,  having  gust  ratio  phase 
angles  less  than  32  deg.  Hence,  the  violation  of  the  180-deg 
phase  requirement  is  an  important  factor  in  the  correlation 
of  the  pressure  difference  phase  dau  with  linear  vortical  gust 
theory. 
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TlMi2  UuMwiy  mi  mmtf  9am  kf/k,  *M— 


Stesdy  loMiKig.  t 

-Sdeg 

Odeg 

3deg 

6dcg 

FutcMg  funclium 

Alladied  flow 

lu'/vl 

0.7H7 

0.WI2 

0.797 

0.MNI 

(W^leg  huNcycnmlw) 

k.lk, 

U.2M( 

11.230 

0.201 

0.1.50 

%  OiffcK'iicc 

17.1% 

249% 

297% 

433% 

Sqwralcd  flow 

IW/v'l 

0.7U2 

O.HIS 

0.K2I 

0.817 

(flat  philcs) 

k.lk, 

U..KRI 

0.2S0 

0.124 

O.KM 

%  Difference 

IM<% 

226% 

562% 

686% 

Separated  flow 

n  ■- 

0.634 

0.628 

0.620 

(4.S-dcg  honeycombs) 

k.lk, 

0.232 

0.176 

0.121 

%  Difference 

173% 

257% 

412% 

Fit.  19  UHMiy  Wl  nOm  mtatiM  «Mi  gm  wiyQWtM  mto. 
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Linear  theory  also  requires  the  magnitude  of  the  vortical 
gust  component  ratio  u'/v'  be  equal  to  the  ratio  kJk,,  the 
wave  number  ratio  calculated  from  the  steady  velocity  data. 
This  assumption  is  grossly  violated  as  evident  in  Table  2. 
There  is  not  a  single  case  for  which  the  two  values  agree.  In 
Ihct.  the  unsteady  u'/v'  values  are  2-5  times  greater  than 
that  of  the  steady  kJk,  values. 

The  effect  of  violating  the  above  assumptions  on  the  un¬ 
steady  aerodynamic  gust  may  be  reflected  in  the  interesting 
trend  apparent  in  the  first  harmonic  gust  vectors.  These  gust 
vectors  represent  the  spatial  distribution  of  the  forcing  func¬ 
tion  aerodynamic  gust  vector.  AH',  in  the  direction  of  gust 
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convection.  This  spatial  distribution  of  the  gust  vector  is  con¬ 
structed  by  plotting  the  temporal  variations  in  AH'  spatially 
in  the  direction  of  gust  convection,  with  the  magnitude  and 
direction  with  respect  to  k  maintained.  The  maximum  mag¬ 
nitude  of  the  first  harmonic  gust  vectors  from  the  9l)-deg 
honeycomb  attached  flow  (Fig.  20),  the  flat  plate  separated 
flow  (Fig.  21).  and  the  4S-deg  honeycomb  separated  flow  (Fig. 
22)  are  ^  in  the  midwake  arid  midthrough  flow  regions,  llius. 
the  ^t  vectors  form  a  shape  that  is  somewhat  sinusoidal.  In 
particular,  note  the  symmetry  of  the  45-deg  honeycomb  first 
harmonic  gust  vectors  with  the  largest  gust  ratio  ^ase  angle 
of  87.9  deg  (Fig.  22).  Kim  and  Reeter*  had  discovered  that 
the  gust  shapes  were  skewed-sinusoids  when  the  gust  pha.se 
angles  were  near  zero.  Thus,  the  first  harmonic  gust  vectors 
are  influenced  significantly  by  the  gust  ratio  pha.se  angle,  in¬ 
dependent  of  the  forcing  function  fluid  dynamics.  This  sup¬ 
ports  the  findings  of  Kim  and  Reeter  that  the  gust  ratio  phase 
angles  closer  to  180  deg  produce  wakes  that  resemble  more 
the  linear  theory  gust. 

The  prevalence  of  the  sinusoid  shape  for  these  three  gust 
vectors,  despite  the  different  levels  of  discrepancy  between 
the  magnitude  of  u  '/v '  and  &-/&,.  support  the  findings  of 
Kim  and  Reeter^  that  the  gust  ratio  phase  angle  is  the  dom¬ 
inant  factor  in  the  gust  shape  determination  than  the  matching 
of  H'lv'  ma^itude  to  k^lk,. 

The  violation  of  the  fint  two  assumptions  leads  to  the  vi¬ 
olation  of  the  last  two  assumptions,  resulting  in  gust  vectors 
which  are  neither  parallel  to  one  another  nor  perpendicular 
to  the  direction  of  wake  convection.  The  as.<iumptions  of  per¬ 
pendicularity  between  the  vortical  gust  veaors  and  the  di- 
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reclkm  of  th«  vonkal  gust  convection  k  are  clearly  inappro¬ 
priate.  as  demonstrated  in  Figs.  18-20  which  show  the 
honeycomb  and  flat  plate  generated  toul  and  first  harmonic 
gust  vectors  that  are  convected  over  the  rotor  Made.  Note 
that  few.  if  any,  of  the  vectors  in  the  total  gust  are  pei^n- 
dicular  to  the  direction  of  convection.  In  fact,  what  is  evident 
is  a  fanning  out  trend  of  the  vectors  in  the  wake  region  that 
incteases  with  increased  forcing  function  flow  separation.  Note, 
in  ail  these  cases,  the  36/rev  ICV  wakes  are  embedded  within 
the  larger  2/rev  NACA  airfoil  wake  in  the  total  gust.  The  2/ 
rev  total  gust  vectors  from  the  9(Meg  honeycomb  attached 
flow  differ  from  those  of  the  S-deg  AOA  airfoil  with  attached 
flow,  with  the  2/rev  gust  vectors  of  the  honeycombs  crossing 
only  in  theedgesof  the  wake  region,  shown  as  drcied  repons 
in  Rg.  20.  but  fiin  in  the  wake  region.  However,  this  fanning 
may  he  due  to  the  ICV  wakes  since  the  total  gust  magnitudes 
of  the  ICV  are  of  the  same  order  of  magnitude  as  the  hon¬ 
eycomb  total  gust  magnitude.  The  toul  gust  vectors  from  the 
s^rated  flow  plate  and  4S-deg  honeycomb  (Figs.  21  and  22) 
continuously  fan  over  the  entire  wake  region.  In  summary, 
the  total  gim  vectors  are  not  perpendicular  to  the  tfirection 
of  gust  convection,  nor  are  they  parallel  to  one  another.  For 
most  wake  generators,  regardless  of  type,  the  gutt  vectors 
start  being  crossed  with  attached  flow  and  fan  with  increased 
separation,  with  the  fonning  being  particularly  wide  for  nwre 
separated  flows.  These  results  ii^icaie  that  the  total  forcing 
function  gust  vectors  are  largely  affected  by  the  forcing  func¬ 
tion  fluid  dynamics,  in  contrast  to  the  first  harmonic  gust 
vectors. 

Therefore,  the  consideration  of  some  essential  assumptions 
inherent  in  the  unsteady  linear  vortical  gust  theory  indicate 
that  these  assumptions  are  not  appropriate  for  turbomachine 
blade  rows  and  cannot  be  applied.  The  poor  data-tbeory  cor¬ 
relation  of  the  resulting  blade  row  unsteady  aerodynamic  re¬ 
sponse  suggestt  an  intimate  relationship  between  the  char¬ 
acteristics  of  the  gust  vector  and  the  degree  of  correlation  of 
the  compressor  Made  row  unsteady  aerodynamic  gust  re¬ 
sponse  data  with  linear  theory.  Current  models  do  not  in¬ 
corporate  the  specific  details  of  the  gust  such  as  the  ^t  ratio 
phase  angle.  Instead,  since  certain  characteristics  are  inherent 
in  the  current  linear  theory  model,  any  deviation  from  these 
characteristics  would  contribute  to  an  error  in  the  prediction 
value  of  the  unsteady  aerodynamics.  Hence,  advancements 
in  the  gust  modeling  technique  to  include  parameters,  such 
as  the  gust  ratio  ph^  angle,  the  gust  ratio  ma^itude.  and 
potential  effects  are  critical  to  improving  the  ability  to  predict 
Made  unsteady  pressure  response. 


A  series  of  esperimems  were 
fundamental  fordng  function  ph 


ptifotaod  to  invesrigme  the 


erating  different  M^  row  gm  rciponiii  in  a  controlled 
manner,  indiuhng  the  important  effects  aseociated  with  the 
forcing  fimetion  gust  magnintde.  This  urns  necomplidied  through 
the  investigation  of  unsteady  aerodynamic  Made  row  response 
to  gusts  generated  by  attadied  and  separated  flow  fluid  dy¬ 
namics  from  nonairfoii  shape  pM  generators.  With  these  gust 
generators,  the  gust  ratio  niagnitude  can  be  controlled  without 
affecting  the  forcing  function  fluid  dynamics,  i.e..  attached  or 
separated  flow,  thereby  enaMing  a  controlled  study  of  the 
effect  of  steady  loading. 

These  experiments  dearly  show  that  the  forcing  function 
generator  fluid  dynamics  is  significant  with  regard  to  the  re¬ 
sulting  unsteady  aerodynamic  gust  response  of  a  downstream 
airfoil  row.  while  enaMing  a  controlled  study  of  the  effect  of 
steady  loading  for  the  first  time.  The  applicaMlity  of  the  con¬ 
cept  of  attached  and  separated  flow  fordng  functions  and  the 
resulting  unsteady  aerodynamic  response  is  broadened  over 
previous  data**  to  indude  nonairfoil  shape  gust  generators.  It 
was  shown  that  although  differences  in  the  individual  surface 
responses  occur,  gust  generator  flowfieids  can  be  broadly  cat¬ 
egorized  into  attached  or  separated  flow  fordng  functions, 
with  the  resulting  gust  response  correlation  with  linear  theory 
models  predictable.  In  particular,  the  attached  flow  and  sep¬ 
arated  flows  generate  large  and  important  differences  in  forc¬ 
ing  fundion  characteristics  and  the  resulting  unsteady  aero¬ 
dynamic  blade  row  gust  response,  such  that  the  correlation 
with  linear  theory  decreases  with  increased  fordng  function 
flow  separation.  Steady  loading  is  found  to  linearly  decrease 
the  unsteady  aerodynamic  pressure  difference  diata-theory 
correlation. 


The  fordng  function  fluid  dynamics  was  analyzed  in  terms 
of  the  requirements  inherent  in  the  linear  thet^  vortical  gust 
modeling.  This  showed  that  the  fordng  function  violation  of 
the  180-deg  phase  requirement  between  the  streamwise  and 
transverse  gust  components  contributed  to  the  poor  data-the- 
ory  phase  correlation,  and  that  the  addition  of  the  values  of 
|u'/v’|  and  kJk,  not  being  equal  leads  to  unsteady  gust  vec¬ 
tors  which  are  neither  parallel  to  one  another  nor  perpendic¬ 
ular  to  the  direction  of  wake  convection,  as  also  inherent  in 


linear  theory  vortical  gust  models.  Thus,  the  degree  of  cor¬ 
relation  of  the  rotor  blade  unsteady  gust  response  data  with 
linear  theory  is  closely  related  to  the  characteristics  of  the 
fordng  function  gust  generating  the  response. 
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wUh  iha  nsiiking  r^tor  Made  row  unsteady  aerodynamc  gust 
response  neasurcd  with  dynamic  prmun  transducers 
embedded  in  the  romr  Made  over  a  range  of  steady  loadii« 

levels.  The  rotor  Made  gust  response  unsteady  aerodynmtc 

data  am  then  coimlaied  with  spprapriaie  pmdktions.  Th^ 
experimems  revealed  the  new  mntlt  that  the  teeing  teiction 
generator  fluid  dynatmcs  is  stgniAcaat  with  mgard  to  the 
resulting  unsteady  aerodynamic  gust  response  of  the 
dowiwmam  atrtel  tow.  Naimeiy.  the  degree  of  correlatioa  w 

the  rotor  Made  unsteady  gust  responn  data  with  linear  theory  is 
doaeiy  lelaied  to  the  characteristics  of  the  teeing  function  gust 

gnwreting  ihf  TTfpo**ff 


Ci 

Cem 

<V- 


steady  lift  coefficient 

prmRsaeCtoe  oonplex  unsteady  piessum 

Hlffinn  SWftOC  pnessivc 

oos^RcicBK 


An 

Aq. 

i 

i 

p’l 

u 

u 

V 

V* 

V. 

w 

w 

a 

a 

p 

p 


complex  unsteady  ptessun  differenoe  coeffideni 
steady  pmssum  ooeffidem  at  i*  cbotd  position 
ptessun  suttee  steady  pnssun  coefficient 
suction  swtee  steady  ptessun  coefficient 

steady  pressure  dtflctence  coefficient 
rotor  leiadve  flow  incidenoe  angle 
mean  rotor  lelativB  flow  incidenoe  angle 
Inharmonic  of  Fourier  decomposed  pressure 

static  pressure  at  rotor  exit 
streamwin  gust  component 
1*  harmonic  sueamwise  gust  component 
flow  vetodiy  or  wheel  spte 
transvetse  gust  oomponem 
I*  harmonic  transverse  gust  component 
mean  axial  velocny 
instentaneous  rotor  relative  velocity 
mean  rotor  relative  velocity 
absolute  flow  angle 
mean  absohne  flow  angle 

rotor  relative  flow  ai^le 
mean  rotor  relative  flow  angle 


The  spatial  flow  nonunitemhies  genenied  by  inlet  giude 
vanes,  stators  vanes  and  smns  are  periodic  temporal  variations 
to  downstream  rotor  blades.  These  spatial  flow  nooumtemities 
in  the  stadonary  frame  of  reteeace  are  sootees  of  periodic 
lo  the  rotor  blades.  Whm  the  frequency  of  these 
neriodic  flow  nonuntfriniifries  coincides  with  a  Made  natural 
nequency.  fatigue  telute  of  the  rotor  Made  may  resah.  thereby 
comptendsing  the  durability  of  the  engine. 

The  ptedictioB  of  the  flow  induced  vibntoiy  response  of 
a  blade  row  first  requires  a  definition  of  im  unsteady 
aeredynamic  forcing  function  in  terms  of  its  harmonics,  with 
each  harmonic  independently  considered.  Thus,  even  though 
forcing  functions  may  be  generated  by  a  wide  vwiety  of 
fundamentally  different  sources,  the  forcing  functioas  we 
assumed  m  be  equhmlem  if  their  harmonics  are  the  same.  The 
unstewly  aewdynamic  response  of  the  Made  row  lo  each  farcing 
function  harmonic  is  thm  assumed  to  be  coinpnsod  oi  two 
compoaeAU;  %ht  disturbince  being  swept  pist  the 
nowespoitding  nMloiltt  termed  the  gust  unsteady  aerodynamic 
and  the  aitfoil  vibratory  response  u>  this  distiHbance.  lefeired  to 
as  the  modon-iadu^  unsteady  aerodynamics  or  the 
aerodynamic  damping. 

Early  treatments  of  unsteady  flow  due  to  periodic  gusts 
were  developed  in  the  linew  apprinimMion  wherein  the  mean 
flow  is  assumed  to  be  uniform.  In  this  approximation,  the 
steady  and  unsteaiN  flow  fields  are  completely  uncoupled  from 
one  another,  with  the  upstream  generated  periodic  gust 
nBod^roHoic*  fbiciiig  fiMcoons  oonvocsod  with  the  unifotm  mean 
flow.  Semi-analytiGal  unsteady  aerodynamic  analyses  based  on 
this  linear  model  have  been  developed  for  cascades  in  subsonic 
and  supersonic  flows  [1  23.4).  Such  models  are  currently 
being  extended  u>  conrider  unmady  flows  Unearned  about  a 
nonutiifotm  mean  flow,  with  the  gust  interacting  with  the  mean 
flow  [S3.7). 

A  number  of  expetiinents  have  been  directed  at  the 
verification  of  such  mathematical  models  and  the  determination 
of  their  applicability  and  Ihniutions.  As  a  generalization,  it 
appears  that  if  the  assumptkms  inherent  in  three  analyses  are 
modeled,  then  the  expmments  provide  dau  which  are  in 
agreeinem  with  the  predictions.  However,  if  actual  compressor 
operating  conditions,  Le..  finite  camber,  steady  loading  and 
nonzero  incidence  angle,  are  experimentally  modeted,  then  the 
data-prediction  cotrelaiion  is  not  newly  as  good. 

Of  poniculw  interest  herein  are  the  experiments  which 
investigated  the  unsteady  aerodynamic  response  of  a  research 
compressor  rotor  performed  by  Manwaring  and  Fleeter  |g|.  The 
first  harmonic  gust  response  of  the  I*  stage  rotor  generated  by 
two  equivalent  2-per-revoiinion  (2-E)  unsteady  teeing  functions 
were  measured:  (1)  an  inlet  flow  distortion  and  (2)  the  wakes 
behind  flat  plate  airfoUs.  The  inlet  distortion  and  wake  first 
harmonic  unsteady  aerodynamic  forcing  functions  were 
fundamentally  eipiivaient,  having  the  same  gust  characteristics 
including  the  ratio  of  the  stieamwise-to-narmal  gust  components 
and  reduced  frequency  values. 

The  first  harmonic  gust  responre  of  the  l*<  stage  rotor 
generated  by  these  two  cUfteem  but  equivalem  teeing  functions 
is  presented  in  Figure  1.  Oewly.  the  first  hannoaic  gust 
response  unsteady  aerodynamics,  shown  in  the  form  of  the 
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fofciiii  tanctioii.  However,  beewae  the  two  flat  I 
foicing  Aioctkmt  we  equivalent  in  terms  of  daiiical  uniieady 
aandynainic  ikeory,  these  leauhs  can  not  be  piedicied. 


In  this  paper,  this  iniereuing  Rsuli  ia  further 
investigated.  The  fundamental  flow  foicing  function  phenomena 
generating  different  Made  row  gust  responses  are  investigated, 
in  panicular  attached  and  seiwratcd  flow  forcing  functions. 
Funhennore.  unsteady  linear  thiwry  gust  requirements  are 
considered.  This  is  accomplished  through  a  series  of 
eapeiiments  peifonned  in  the  extensively  intnttmenied  Purdue 
Axial  Flow  Research  Compressor.  Two  NACA  0024  airfoils 
are  installed  in  the  compress  inlet  to  generate  the  periodic  2-E 
unsteady  aerodynamic  forcing  functions  to  the  first  stage  rotor. 
These  farcing  functions  are  measured  wiA  a  rotating  crou  hot¬ 
wire.  with  the  resulting  rotor  Made  row  unsteady  awodynamic 
gust  respoim  measui^  with  dynamic  pressure  transducers 
embedded  in  the  rotor  blade  over  a  range  of  steady  loading 
levels.  Appropriate  rotor  blade  gust  response  unsteady 
aerodynamic  data  are  then  correlated  with  predictions  from  the 
subsonic  unsteady  aerodynamic  flat  plate  cascade  analysis  of 
Smith  (9f. 


Research  Compressor 

The  Purdue  Axial  Flow  Research  Compressor  models 
the  fundamental  turbomachinery  unsteady  aerodynamic 
multistage  interaction  phenomena  which  include  the  incidence 
angle,  the  velocity  and  pressure  variations,  the  aerodynamic 
forcing  function  waveforms,  the  reduced  ftequency,  and  the 
unsteady  Made  row  interactions.  Theconunesaorisdriven  by  a 
IS  HP  DC  electric  motor  at  a  speed  of  2,250  RPM.  Ewh 
identical  staye  contains  43  rotor  blades  and  31  stator  vanes 
having  a  British  C4  airfoil  pn^le,  widi  the  first  stage  ronr  inlet 
flow  field  estaMished  by  an  inlet  guide  vane  (IG^  row  of  36 
airfoils.  The  2-E  unsteady  aerodynamic  ftaicing  functions  are 
generated  by  two  NACA  0024  proflle  airfoils  installed  180* 

^moetistiasred^ed  in  Table  1.  ^"P*®**" 

The  compressor  aerodynamic  perfomunce  is  determined 
utilizing  a  48  port  Scanivalve  system,  theimocoupim.  and  a 
venturi  orifice  to  measure  the  rmired  pressures,  tempoaturn 
and  flow  me,  rrepectively.  The  Sonivalve  tian^ucer  is 
calibrated  each  time  data  are  acquired,  thus  automaticaliy 
cormensating  for  zero  and  span  shra  of  the  transducer  ouqniL 
A  9S%  confidence  interval,  root-mean-square  enor  analysis  of 
20  samples  is  performed  for  each  steady  data  measuremenL 


The  domVad  amahr  awodynatnie  loadlag  on  the  rotor 
Made  smiHas  is  maaawad  with  a  choidwiae  dbwibutian  of  20 
nddapaa  stade  pressure  tapa.  10  on  each  surface.  The  static 
pressure  w  the  rotor  exit  plane,  measured  widi  a  rotor  drum 
static  tap.  is  used  u  the  bim  stitfbca  static  preaswe  reference. 
These  stade  preasure  measurements  are  made  using  a  rotor  baaed 
48  port  constant  speed  drive  Scanivalve  system  located  in  the 
rotor  drum. 

The  measurement  of  the  midspu  rotor  blade  surface 
unsteady  pressures  it  accomplished  with  20  ultra-miniature, 
high  re^xinae  transducers  embedded  in  the  rotor  Mades  at  the 
Mtne  ehofdwiae  locations  at  the  static  pressure  taps.  To 
miaimiae  the  possibility  of  flow  (Usturbances  associated  with  the 
inability  of  the  transducer  diaphragm  to  exactly  maintain  the 
surface  curvature  of  the  Made,  a  reverse  mounting  technique  is 
utilized.  The  pressure  surfree  of  one  Made  and  the  suction 
surface  of  adjacent  Made  are  instrumenied,  with  transducers 
embedded  in  the  nonmeasurement  surAce  and  connected  to  the 
measurement  surftce  by  a  static  tap.  The  embedded  dynamic 
transducers  are  both  statically  and  dynamically  calibrated.  The 
static  calibrations  show  good  linearity  and  no  discernible 
hysteresis.  The  d)rnamie  calibrations  demonstrate  that  the 
fit^uency  response,  in  terms  of  gain  attenuation  and  phase  shift, 
are  not  affected  by  the  reverse  mounting  technique.  The 
maximum  error  in  gain  and  phase  an^  were  determined  to  be 
0.60  dB  and  1.S*  respectively. 

The  rotor^iaaed  static  pressure  Scanivalve  transducer, 
rotating  cross  hot*wiie  probe  and  20  blade  surface  dynamic 
pressure  transducers  are  inierflwed  m  the  stationary  frune-of- 
leference  throu|h  a  40  channel  slip  ring  assembly.  On-board 
signl  eonditianmg  of  the  traasdnoer  output  signals  is  ptrformed 
m  maintain  a  good  signai4o-noise  ratio  through  the  slip  rings. 
The  remaining  17  chMuelsof  the  slip-ring  asswnMy  are  used  to 
ntov^  excitation  to  the  transducers  and  on/bff  switching  to  the 
Scanivalve  DC  motor. 

Dm«  Acquirinon  and  Aialvsis 
Steady  Plgcmre  Data 

The  rotor  Made  surAce  static  pressure  dau  are  defined 
by  a  root-mean-square  error  analysis  of  20  samples  with  a  95% 
confidence  interval.  The  airfoil  surfsce  static  pressures  are 
presented  in  terms  of  a  nondimensional  ste^y  pressure 
coefficient,  with  the  steady  lift  coefficient  calculated  by 
integrating  the  differential  stoxly  pressure  coefficient  across  the 
rotor  blade  chord. 


Inammiwiiatinn 

Both  steady  and  unsteady  rotor  Made  row  datt  are 
obtained.  The  steady  data  quantify  the  rotor  row  mean  inlet 
flowfield  and  the  resulting  rotor  Made  mids|m  steady  loading 
distribution.  The  unsteady  data  dd^  the  periodic  aer^ynamic 
forcing  function  and  the  resulting  midspan  Made  surftce  periodic 
unsteady  pressure  distributions. 


Since  the  blade  surfoce  and  the  reference  static  pressures 
ate  measured  at  different  radii,  a  correction  is  applied  to  the  exit 
steady  pressure  m  account  for  centrifugal  effects  |8|. 

Periodic  Data 


The  inlet  flow  field,  both  steady  and  unsteady,  is 
measured  with  a  rotating  cross  hot-wire  probe.  The  inlet  flow 
field  of  the  1st  stage  rotor  row  is  measured  in  the  rotating  frame 
of  reference  by  mounting  the  hotwire  on  the  rotor  drum  18.8% 
chord  upstrem  and  65%  Made  spacing  from  a  rotor  blade.  The 
hotwhe  is  oriented  for  nuKimum  sensitiviqr,  achieved  when  the 
0*  flow  incidence  corresponds  to  the  position  at  which  the  flow 
angle  is  45’  to  both  wires.  The  hotwire  is  calibrated  for 
velocities  from  21.3  m/s  to  62.5  m/s  and  ±40*  flow  angle 
variations.  The  uncertainties  in  the  velocity  and  the  flow  angle 
measurements  were  determined  to  be  5%  and  0.5*. 
Centrifugal  loading  effects  on  the  rotating  hot-wire  sensor 
resistances  and  thus  the  responses  were  found  to  be  negligible. 


The  periodic  datt  of  interest  are  the  harmonic 
components  of  the  aerodynamic  forcing  function  to  the  first 
stage  rotor  blade  row  together  with  the  resulting  rotor  blade 
surface  unsteady  pressures  and  unsteady  pressure  differences. 
These  are  detennined  by  defining  a  digitiiedenaemMe  averaged 
periodic  unsteady  aerodynamic  data  set  consisting  of  the  rotating 
cross  hot-wire  probe  and  blade  surface  dynamic  prnsure 
transducer  sigi^  at  each  steady  operating  point  In  panicular, 
these  time-variant  signals  are  digitized  with  a  high  speed  A-D 
system  at  a  me  of  20  kHz  and  th«  ensemble  averaged. 

The  key  to  this  averaging  technique  is  the  ability  to 
sample  data  at  a  preset  time,  accomplished  by  an  optical  encoder 
mounted  on  the  rotor  shaft.  The  micioaeoond  range  step  voltage 
signal  from  the  enoader  is  the  data  initiation  time  reference  and 
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iwinidy  ifmiiyiiMnir  gwdag  fmeilom  and  ^'naSSf  wior 
Made  wrfan  kamoaic  amieady  pnaautc*  and  prcaMic 


The  2>B  wmeady  aerodynamic  foiciag  Aiactioat  an 
gammed  by  two  NACA  0024  prafile  airfoils  iaaiailcd  ISO* 
apart  ia  the  compressor  iaiet  Forciag  fimctions  broadly 
categeriaed  aa  attached  flow,  onset  of  ssparaied  flow,  and  folly 
sepmaied  flow,  are  genemed  by  varying  the  angle  of  attack 
(AOA)of  the  two  NA^  0024  proflie  airfoils  fmm  S*  to  10*  to 
20*.  The  point  of  separation  of  10*  is  based  on  wind  tunnel 
tests.  Note  that  since  the  airfoils  an  set  at  a  flaed  angle  of 
attack,  the  values  of  the  resulting  sinamwise-transvem  gust 
niio  depend  on  the  compressor  snady  loading  level 

The  forcing  function  to  the  1*  stage  rotor,  the  unsteady 
rotor  inlet  flow  fleld.  is  measured  with  the  rotating  crou  hot- 
win  probe  whkh  quantifies  the  lelanve  velodiy  and  flow  angle. 
To  the  rotor,  the  flow  Cram  the  upstream  NACA  0024  airfoils 
appear  as  deficits  in  the  rotor  relative  inlet  velocity  W  and 
fluctuations  in  the  rotor  relative  inlet  flow  angle  Thus,  the 
total  flow  consists  of  fteesiream  and  wake  regions,  with  the 
instantaneous  value  of  W  inoeased  in  the  wake  ragioo  and 
decreased  in  the  fieestieam.  The  total  rotor  inlet  relative  velocity 

gust  AW  is  the  vector  difleience  between  the  instantaneous  and 
mean  relative  velocity  W.  It  has  two  components,  u  and  v, 
peralkl  and  notmal  to  the  mean  flow  dhection.  The  gust  and  its 
components  are  depimed  in  the  velocity  diagnun  of  Rguml 

The  fundamental  fiequency  of  interest  is  the  2-E  forcing 
function  frequency.  Thus,  an  harmonic  analysis  is  utilized  in  die 
dau  analysis,  accomplished  by  taking  the  Fast  Fourier 
Tkinsfonns  (FID  of  both  tiu!  time  variant  rotor  inlet  flow  fidd 
and  the  resulting  unsteady  aerodynanne  response  of  the  I*  stage 
rotor  row,  with  only  the  componeou  at  the  fundamental 
frequent^  or  its  harmonics  analyzed.  Figore  3  shows  the 
screamwise  and  transverse  gust  componems  and  their  FFT,  with 
the  u  and  v  harmonics  denoted  bv  u^  and  v^  and 
nondiniensionalized  by  the  mean  rotor  relative  velocity.  This 
Fourier  transformed  inlet  flow,  defined  by  u'*'  and  ir*’,  is  the 
unsteady  aerodynamic  forcing  function  to  the  downstream  rotor 
row. 


The  rotor  blade  pressure  and  suction  surface  unsteady 
pressure  dau  are  analym  to  deteimim  the  harmonics  of  the 
chordwiae  distribution  of  the  unstmdy  pressure  coefficiem. 


The  unsteady  differential  pressure  coefficient  is 
detetmined  by  subtneting  the  unsteady  pressure  coeffleimt  on 
the  suction  surface  from  that  on  the  pressure  surface,  with  the 
resulting  unsteady  lift  calculated  by  integrating  the  unsteady 
dftemfial  pressure  coefficient  over  the  choid.  The  measured 
and  predicted  unsteady  lift  values  are  correlated  by  meain  of  the 
unsteady  lift  ratio,  with  both  the  theoretical  and  ezpetiirienial 
difretential  pressure  coefficients  integrated  between  the  first  and 
last  chordwise  podtions  of  the  experimental  data. 


Note  tiret  if  the  experimental  dau  are  in  exact  agreemem 
with  the  unstBMly  linear  theory  prediction,  the  unsteady  lift  ratio 
will  have  a  mngiunide  of  I  jO  and  a  phase  angle  of  0*. 


Uwmlw 


A  series  of  experimena  are  p^ormed  in  the  Purdue 
Axial  Flow  Research  Compressm  to  investigate  the  effect  of 
inlet  flow  forcing  function  type.  Le..  generated  by  an  attached 
flow,  onset  of  sepuated  flow,  or  a  fully  separated  flow,  and 
rotor  stmdy  loading  on  the  gust  response  of  the  first  suge  rotor 
blade.  For  each  forcing  function  flow  type,  four  steady  loading 
conditions  as  charactmized  by  the  rotor  relative  mean  flow 
incidaice  angles  are  studied,  i  -3*.  0*.  3*.  and  6*. 


The  chordwise  rotor  blade  surface  steady  pressure 
distributions  for  the  three  forcing  function  flow  types  are 
|— in  Hgure  4  for  the  low  high  steady  rotor  steady 
ioadia|  levels,  t  ■  -3*  and  6*.  These  data  are  compared  with 

p— firtiw  tWim  —  iimnnnMiiKlB,  iiiiii«eiit  «iMlt  emmhrr  airfoil 

cascade  ana^sis  nO).  The  rotor  Made  surface  steady  pressure 
discribution  is  a  fonciioo  of  the  steady  loading  level  but 
independem  of  the  forcing  function. 

In  thepressuR  sutfoce  leading  edge  region,  the  steady 
pressure  coefneient  increases  with  loading.  It  then  increases 
until  approximately  30%  chord  where  it  becomes  constant, 
independem  of  the  loading.  In  contrast,  steady  loading  affects 
the  suction  sutfoce  over  the  entire  chord,  with  the  suction 
surface  steady  pressure  coefficieat  a  strong  function  of  the 
steady  loadiag  level.  Note  that  there  is  no  evidence  of  suction 
aurfoce  sready  flow  aepatition .  With  regard  to  the  difrerential 
steady  preasin  codHaent.  the  leadiag  ed^  value  is  neptive  at 
negative  values  ot  the  relative  mean  flow  incidence. 
approximately  aero  at  0*  incidence,  increasing  with  increased 
loading.  These  data  exhibit  relatively  good  coirelation  with  the 
prediroons,  accomplished  by  ntiliziag  the  mean  rotor  relative 
velocity  measured  with  the  rotor  blades  adjacem  to  the  hotwire 
removed  u>  deteratine  the  value  of  the  mean  rotor  relative 
velocity  W  for  the  noodimensionalization  of  the  steady  pressure 
ooeffidcat. 


The  Fourier  decomposition  of  the  attached  flow  forcing 
function  generated  by  the  S*  AOA  NACA  0024  airfoils  is 
presented  in  Figure  3.  The  dominam  u'*' amplitude  occurs  at  the 
2frev  fundamental  frequency,  with  the  higher  order  harmonic 
amplitudes  generally  smaller  and  decreasing  with  increased 
frequency.  The  Fourier  decomposed  v**  amplitudes  of  the 
attached  inlet  flow  forcing  function  are  approxiniaiely  equal  and 
small  for  all  frequencies.  Note  that  not  all  of  the  u'*’  and  v*- 
harmonics  are  of  the  same  magnitude  nor  are  they  distinct.  Also 
the  characteristics  of  the  u'*’  qiectrum  resemble  that  of  a 
harmonic  forcing  function  having  a  high  fundamenal  fr^uency 
component  with  lower  amplitude  highg  harmonics. 


The  Fourier  decomposition  of  the  10*  AOA  NACA  0024 
airfoil  dau  representing  the  onsm  of  separated  flow  generated 
forcing  function  is  also  shown  in  Rgure  3.  The  primary 
diftetence  between  this  result  and  the  previous  attached  flow 
forcing  function  is  that  the  higher  harmonic  amplitudes  of  both 
u'*'  and  V**  are  increased  relative  to  the  fundamental  frequency 
value  and  are  larger  in  value.  These  differences  result  in  the 
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ihai  a  pun  sina  riMCtiaa  haa  only  the  fimdamemal  harmonic 
^vlicnaa  a  pure  impulse  Ainctioa  has  an  infinite  number  of 
haimonics  with  the  magnitudes  of  lower  harmonics  having  the 
same  order  of  mi^nitude  u  the  fundamental  harmonic. 
Aaafcifous  to  the  attached  flow  generated  forcing  functions,  the 
dominant  amplitude  occurs  at  the  fundamenul  frequency, 
with  the  higher  luemonic  magnitudes  decreasing  with  increased 
frequency.  Also,  there  is  no  dominant  amplitude,  with  the 
higher  harmonic  ampiiiudeseiiherappfoxinuHely  equal  or  larger 
than  the  fundamenul  frequency  value.  Nou  that  all  of  the 
harmonics  of  u'*'  and  v**  are  relatively  large. 

The  Fourier  decomposition  of  the  fully  separated  inlet 
flow  forcing  function  gennated  by  the  20*  AOA  NACA  0024 
airfoils  is  alw  shown  in  Figure  S.  Although  the  magnitude  of 
u'*’  at  the  fundamental  frequency  is  large,  it  no  longer  dominaies 
the  o'**  spectrum.  The  higher  harmonic  amplitudes  are  much 
larger  relative  to  the  fundamental  frequency  value  than  those  of 
the  attached  and  the  onset  of  separated  flow  forcing  functions. 
i.e..  higher  harmonics  are  a  significant  pan  of  the  complete 
forcing  function.  However,  the  higher  harmonic  amplitudes 
continue  to  decrease  with  increased  frequency,  as  per  the 
attached  and  onset  of  separated  flow  generated  forcing 
functions.  The  behavior  of  is  similar  to  that  of  the  foreing 
function  generated  by  an  onset  of  separated  inlet  flow.  No 
panicular  harmonic  of  v*  dominates  the  forcing  function. 
However,  unlike  the  behavior  of  the  v*  forcing  function 
generated  by  a  flow  at  the  onset  of  separation,  the  forcing 
nuictian  geneiated  by  the  fully  sepvaied  flow  has  a  frequency  at 
which  a  miniinum  occurs.  Thus,  the  separated  flow  forcing 
function  more  closely  resembles  an  impulse  function  due  to 
these  increases  in  the  higher  harmonic  am^nides. 


Forcing  Function  Generacor  Fluid  Dynamic  Effects  on  Gust 
Response 

Pmami  Surface 

Figures  6,  7  and  8  show  the  change  in  the  pressure 
surfhee  gust  response  when  the  flow  field  generating  the  farcing 
funetkm  is  changed  flam  an  attached  flow  to  a  flow  at  the  onset 
of  separation  to  a  fully  separated  flow,  accomplished  by 
changing  the  NACA  0024  airfoil  AOA  from  5*  to  10*  to  20  . 
Altering  the  farcing  fwictian  generator  from  an  attached  flow  to 
a  separaiBd  flow  has  a  nodeeabie  effect  on  the  pressure  surfree 
gust  response.  With  the  attached  flow  generated  forcing 
function,  the  magnitude  and  phase  of  the  pressure  surface  gust 
response  are  ci^y  a  function  of  the  steady  loading  level. 
Figure  6.  As  the  AOA  increases  to  10*  and  then  to  W*.  the 
pressure  surface  response  becomes  much  less  dependent  on  the 
steady  landing  level.  At  10*  AOA,  there  is  a  smooth  decrease  in 
the  unsteady  pressure  magnitude  with  chord  which  becomes 
independent «  the  loading  in  die  midchard  region.  Figure  7. 
The  phase  response  shows  an  increasing  trend  with  chord,  with 
loading  still  having  an  influence.  At  20*  AOA,  the  magnitude 
still  smoothly  decreases  with  chord.  Figure  8.  However,  the 
level  of  the  magnitude  response  is  increaised  as  compared  to  the 
corresponding  S*  and  10*  AOA  data.  Also,  the  20*  AOA  phase 
tespotw  is  now  independent  of  the  loading  level,  with  a  smooth 
phase  increase  with  chord. 

Suetkm  Surface 

Figures  9,  10  and  11  show  the  suction  surface  gust 
response  resulting  from  the  differem  forring  fiuiction  jrenerator 
flow  fields.  Altering  the  fotcing  fimction  generating  flow  field 
fiom  an  attached  flow  to  a  flow  at  the  onset  of  separation  to  a 
separated  flow  also  has  an  effect  on  the  suctmi  surface  gust 
response.  With  the  attached  flow  forcing  function,  the  respom 
magnhude  decreases  sharply  in  the  leading  edge  region,  attaining 
a  relative  munmum  value  near  2S%  chord  and  then  increasing 


slightly  before  darwsaing  to  an  shaoluic  miniinum  new  <iS% 
chord,  la  the  iraillug  edge  regioa.  there  is  a  relatively  large 
increase  and  a  subaeipientdecrnae.  Also,  these  magsstude  data 
are  a  function  of  the  ste^  londiog  level.  particuMy  in  the 
airfoil  leading  and  trailing  edjre  regians.  As  the  AOA  it 
increased  to  10*  and  then  to  2&.  the  overall  trends  of  these 
magnitude  response  dau  are  unchanged.  However,  the 
chordwise  distribution  of  the  magnitude  dra  becomes  smoother, 
i.e..  the  magnitude  data  decrease  more  rapidly  in  dw  leading 
edge  region,  atuining  a  somewhat  constant  level  in  the  25%  to 
50%  chord  region,  then  decreasing  to  a  miniimim  near  60% 
ctord.  The  rapid  increase  and  decrease  in  the  magnitude  near 
the  trailing  edge  is  still  evident,  with  it  being  snrallest  at  10* 
AOA. 

The  suction  surface  gust  response  phase  of  the  airfoil  is 
also  a  function  of  the  fotcing  function  generator  flow  field.  At 
5*  AOA  attached  flow,  the  unsteady  pressure  phase  response  is 
constant  with  chord  at  the  highest  steady  loading  of  6*  mean 
flow  incidence.  As  the  loading  is  changed  fimm  this  level,  there 
is  a  large  phase  decrease  in  the  afl  chord  region,  with  the  phase 
remainuig  constant  over  the  front  of  the  airfoil.  Also,  the  phase 
is  a  function  of  the  steady  loading  level.  Increasing  the  fotcing 
function  generator  AOA  to  10*  and  to  20*  has  a  clear  effect  on 
the  phase  response.  Namely,  in  the  front  chord  region,  the 
phase  response  becomes  independent  of  loading.  Also,  the  large 
phase  change  near  the  trailing  edge  is  suppressed  as  the  AOA  is 
increased.  Instead,  the  phw  decreases  from  the  leading  to 
trailing  edge  more  gradually  as  the  AOA  is  increased  and  the 
flow  generating  the  fotcing  function  flow  changes  to  a  separated 
flowfiekL 

Uiwaaity  FTewmtc  Diffnremy, 

As  expected  based  on  the  individual  airfoil  surface  data, 
altering  the  forcing  function  generator  from  an  attached  flow  to 
one  at  the  onset  of  separation  to  a  separated  flow  hu  a 
significant  effect  on  the  pressure  difference  gust  response, 
Rgutes  12. 13  and  14.  The  pressure  diffidence  magnitude  data 
gnerally  decrease  with  chord,  with  the  decrease  in  the  leading 
edge  tegian  becoming  larger  as  the  forcing  function  genertuor 
flow  field  changes  to  one  at  the  onset  of  separation  and  then  to  a 
separated  flow.  Note  that  this  general  trend  is  in  agreement  with 
the  linear  theory  prediction.  However,  the  degree  of  correlation 
with  the  linear  theory  prediction  is  dependent  on  the  forcing 
Itanciion  ftmeraior  fluid  dynamics.  Namely,  at  an  AOA  of  5*.  the 
pressure  difference  magnitude  data  are  t^ically  increased  in 
vahieascomparediotheptediction.  Figure  12.  Increasing  the 
forcing  function  generator  AOA  to  10*  and  20*  results  in  these 
magnitude  dau  decreasing  in  value  with  respect  to  the 
pre&tion.  being  slightly  decreased  at  10*  and  further  deoea^ 
at  20*.  Hgures  13  and  14.  Thus,  the  interesting  but  unexplained 
result  of  Manwaring  and  Fleeter  18)  can  now  be  attributed  to  the 
attached  and  separated  flow  nature  of  the  forcing  functions 
iitilired  in  their  experiments.  Namely,  the  inlet  distortion  forcing 
function  was  gentnied  by  an  attached  flow  forcing  function.  In 
oonoast ,  the  airfoil  wake  forcing  function  was  generated  by  a 
flat  plate  at  an  angle  of  snack,  thereby  resulting  in  a  separated 
flow  generated  forcing  function. 

The  more  detailed  effect  of  the  farcing  function  generator 
fluid  dynamics  on  the  differential  pressure  response  magnitude 
dau  includes  the  nonsmooth  variation  with  chord  in  the 
midchoid  region  and  in  the  trailing  edge  region  at  5*  AOA. 
Increasing  die  AOA  to  10*  and  to  20*  resuhs  in  a  smoothing  of 
the  midchord  region  dau  and  a  decrease  in  the  magnitude  of  the 
variation  of  the  dau  in  the  trailing  edge  region.  This  trailing 
edge  dau  variation  is  due  to  a  potential  effect  from  the 
downstream  stator  vane  row. 

With  regard  to  the  unsteady  pressure  difference  response 
phase  angle,  at  5*  AOA  the  phase  is  constant  but  is  a  function  of 
die  steady  loadin|;  level  over  the  front  half  of  the  chord.  Aft  of 
midchord,  there  is  a  large  jump  in  the  phase.  Increasing  the 
AOA  to  10*  and  then  to  20*  results  in  the  front  chord  region 
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with  the  lieaer  theory  prediction  is  poor  eve^  where,  with  the 
lerpepheee  i***— not  predicted, 

lliiMBitfaliftflwniMiMwiA 

The  level  of  deviation  of  the  unsteady  diffiereatiel 
pcessure  date  ftom  the  linear  theory  prediction  is  nuentifled 
through  the  unsteady  lift  coefficient  ratio  Lcotr-  ngnre  iS 
ihowB  the  vatiadon  of  Lumt  as  a  fhaction  of  the  mean  leiative 
flow  incidenoe  aitp^  la  feaetal,  the  attached  flow  geacraied 
forcing  function  at  y  AOAcondaiesieaaonably  well  with  linear 
theory,  with  the  degree  of  oorreiation  decreasiRg  u  the  AOA 
increases  to  10*  and  20*.  Whhr^aRllodiep^afLcorr.ihe 
stached  flow  generated  forcing  function  again  exhibitt  the  beat 
correlation  with  theory.  Htrwver.  ail  of  the  forcing  function 
phase  correlatioRs  are  poor. 

Fmcinn  Funciitiii  Rindamemal  Pawmenw 

To  begin  to  understand  the  significant  effect  of  altering 
the  forcing  function  generator  fluid  dynamics  on  the  unsteady 
gust  response  of  the  downstream  rotor  blade  row.  it  is  noted  that 
uie  forcing  functions  at  S*,  10*  and  20*  AOA  are  not  etpiivalent 
in  teims  of  the  fundamental  forcing  function  patameters.  In 
particular,  the  magnitude  and  phase  of  the  of  the  first  harmonic 
gust  component  ndo,  u'^'/v'^,  are  different. 

Figure  16  shows  the  magnitude  and  phase  of  the  first 
haimonic  gust  mio,  as  a  function  of  the  steady  loading 
level,  with  the  AOA  as  a  parameter.  The  gust  characteristics,  in 
particular  the  nu^nitude  and  phase  of  are  clearly  a 
function  of  the  fluid  dynandcs  of  the  forcing  fUnctioo  generator. 
Namely,  as  the  forcing  fUnctioo  generator  fluid  dynamics 
changes  firom  an  attached  flow  to  a  flow  at  the  onset  of 
sepaiarion  to  a  separated  flow,  both  the  magnitude  and  the  phase 
of  u^/v*  typically  decitase.  with  this  decrease  a  function  of  the 
steady  loading  level. 

The  cffca  of  the  fotcing  fUnctioo  gust  characteiistics.  in 
partKular.  the  phase  of  u'^A^'*’,  on  the  rotor  Unde  gust  generated 
unsteady  preswreicspoose  is  demonsoited  in  Figure  17  which 
shows  the  variation  of  the  Lcotr  »  •  fimcdon  el  the  phase  of 

with  the  AOA  u  a  parameter.  Although  the  gust  lado 
phase  has  no  clear  effect  on  the  majiinale  of  the  lift  condation. 
u  hasa  noiiceabieeffbctan  the  phmof  LcoiTf  with  the  phase 

daU'iheory  correlation  improving,  i.e.,  appimching  CT,  with 
increasing  gust  ntio  phase. 

To  begin  to  understand  the  fundamental  difference 
between  the  response  data  generated  by  the  attached  flow,  the 
flow  at  the  onset  of  separation,  and  the  fUUy  separated  flow  and 
the  correlation  of  these  data  with  linear  iheoiy,  me  validity  of  the 
unsiewly  linear  theory  model  for  these  flows  is  considaed.  In 
particular,  as  considered  by  Henderson  and  Fleeter  (11,  12], 
linear  theory  requires  that:  (1)  the  gust  vector  oomponenttu'*' 
and  v**  are  180*  out  of  phase:  (2)  the  magmiude  it  is 
equal  to  the  ndo  kj^i,  detennined  from  w  steady  flow  free 
snenm  and  wake  region  velocity  triangies;  (3)  the  gnt  vector  is 
petpetidieoiar  to  the  direction  of  gust  convection;  and  (4)  the 
gust  vectors  ate  paralld  to  one  another.  Note  that  sathi^g 
only  the  first  two  conditions  automatically  satiffies  the  last  two 
conditions. 

The  inqwnsnce  of  the  gust  ratio  phase  angle  is  iflusttated 
by  the  requiremeat  that  the  saeamwue  and  transverse  gust 
con^onents  u'*’  and  v**  ate  180*  out  of  phase.  This  assumption 
it  vioiaied  independent  of  whether  the  forcing  function  gusts  are 
generated  by  separated  or  attached  flows.  The  phase  of  u'*‘^'^  is 
generally  near  sero  for  fully  separsied  flow  but  latger  for  onset 
of  separation  or  attached  flows,  with  an  incteate  in  the  phase  of 


ftem  linear  theoiy,  the  magitiaRle  of  the  gnat  oomponent 
ntio  in^/v^  ftom  the  uaatsady  forciaa  function  wthwirv  data 
iniw  also  be  equal  to  the  ratio  kg/ki.  the  wave  nunte  ratio 
caieulaiad  ftom  the  steady  flee  stream  and  wake  mion  Met 
velocity  triangles.  This  requireiiiaat  is  grossly  violated,  as 
evident  in  Table  2.  Thetn  is  not  a  single  case  for  which  the  two 
values  agree.  In  fact,  the  unsteady  lu'^'fv'h  values  are  2  to  20 
times  gnatcr  than  that  of  the  steady  kaAt  values. 

The  effect  of  violating  the  above  assumptions  on  die 
unsteady  aerodynamic  gust  is  reflected  in  the  interesting  trend 
appaiem  in  the  first  harmonic  gust  vectors.  Note  ihts  the  gust 
vector  representt  the  spatial  disiribution  of  the  forcing  function 

acndynanic  gust  vector  AW  in  the  ditection  of  gust  convection. 
This  spatial  distribution  of  the  gust  vector  is  constructed  by 

plotting  the  temporal  variations  in  AW  spatially  in  the  direction 
of  gust  convection,  with  the  magnitude  and  ditection  with 
tespea  to  k  maintained.  In  other  words,  the  gust  vecton  which 
are  veciorally  determined  from  successive  poinu  in  time  ate 
plotted  in  the  ditection  of  gust  convection  detennined  from  the 
steaify  flow  data.  ThennutimmiiiiagmnideoftliefimiMniMnic 
gust  vectors  fiom  the  5*  AOA  airfoU  attached  flow.  Figure  18,  is 

approximately  in  the  ntid-wake  and  mid-free  stream  legians. 
Thus,  the  gust  vectors  form  a  shape  that  is  somewhat  sinusoidal. 
However,  the  first  hatmooie  gut  vecton  from  the  10*  AOA 
airfoils  at  the  onset  of  separated  flow.  Rgure  19.  and  the  20* 
AOA  aMoils  with  separated  flow.  Figure  20,  have  the  first 
harmonic  gust  vector  of  maximum  magnitude  near  one  of  the 
wake-free  stream  boundaries.  Hius  thm  gust  vecton  form  a 
tkewed-sianaaid.  The  common  factor  in  this  sh^  of  the  fim 
harmonic  gust  is  the  gust  ratio  phase  angle,  ^'^/v'*’.  The  5* 
AOA  aOKhed  flow  fUrcing  function  has  a  gust  ratio  phase  angle 
of  54.4*  while  the  other  fotcing  functions  nave  gust  ratio  phase 
angles  of  27.3*  and  14.9*.  Note  that  this  efibet  of  gust  ratio 
pim  angle  on  the  shspe  of  the  first  harmonic  gust  is  sUnilario 
the  changes  in  the  sha^  of  the  linear  theory  gust  caused  by  the 
modificafrui  of  u'Vv*  magnitude  or  the  ph^  of  u*^  [11].  At 
low  goat  ratio  phase  an^^ngates  19  and  20,  the  gust  vecton 
ate  neariy  parallel  to  one  another  but  ate  skewed  in  shape 
because  value  of  u‘*’Ar^  tUffen  significantly  from  kj/ki. 
However,  at  high  gust  ratio  phase  angl^  the  gust  shape  says 
shinsoidal.  perhaps  suggesting  that  the  gust  ratio  phase  angle  is 
the  dominaat  factor  in  the  gust  shape  determination  than  the 
matching  of  magnitude  to  kj/ki.  Clearly,  the  first 

harmonic  gust  vecton  ate  influenced  significantly  by  the  gust 
ratio  phase  angle  and  the  degree  of  equivalence  between  ki/ki 
and  the  m^itude  of  independent  of  the  forcing 

function  fluid  dynamics,  b  contrast,  the  total  forcing  function 
gust  vecton  are  hugely  affected  by  the  forcing  function  fluid 
dynamics,  as  will  be  discussed. 

The  violation  of  the  fint  two  linear  theory  gust 
conditions  le^  to  the  violation  of  the  last  two,  resulting  in  gust 
vecton  which  are  neither  parallel  to  one  anomer  nor 
perpmidicuiar  to  the  ditection  of  wake  convection,  llie 
assumptions  of  perpendicularly  between  the  gust  vecton  and 
the  ditection  gust  convection  k  ate  clearly  inappropriate,  as 
demonsitaied  in  Hgures  18.  19  and  20  which  also  show  the 
NACA  0024  airfoil  genented  total  gust  vectors.  Note  that  few. 
if  any,  of  the  vecton  in  the  total  gust  ate  perpendicular  to  the 
ditection  of  convectioa  In  fact,  what  is  evidem  is  a  farming  out 
trend  of  the  vecton  in  the  wake  region  that  increases  with 
increased  forcing  fUnctioo  flow  separation.  Alsa  the  36Ai^ 
IGV  wakes  ate  embedded  within  the  lar^  2Aev  NACA  airfoil 
wakes  in  the  total  gust 
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TIm  vteiMiM  of  dM  l  . 
MDMidlolMaMaiMMiMrisateovklnttaiiiwwfliiMS.  WUi 
‘  d  iNioi  flow,  dw  2/lrev  toad  gust  vccian  crou  one 
in  dw  woke  ngtoo.  TMi  ciomg  of  dw  vecion  it 

_ _ in  all  gostt  pradoced  by  the  NACA  0024  aiifoil 

■■■anwdMiaehedflow.  Par  an  inlet  flow  ftiwndBdaidwomec 
of  Mpmiioa.  dw  2Aev  tool  gust  voeion  do  oot  crou  ooe 
aaodtHURMichu  they  did  for  dwanaclwd  inlet  flow,  la  fact, 
on  oiw  tide  of  the  wake,  dw  2A«v  total  gust  vecion  itan  to  fan 
or  tpnad  apart  from  one  another.  With  e  separated  inlet  flow, 
this  fanning  of  the  total  gust  vector  is  even  mote  pronounced. 
The  total  gust  vector  in  the  wake  region  fimsoondnuousiy  from 
one  aide  to  another  with  no  intetaections. 


Thus,  the  consideration  of  some  esaendal  aasutnptkms 
inherent  in  the  unsteady  linear  theory  indicates  that  these 
assumptions  ate  not  appropriMe  for  wtbotnachine  blade  rows 
and  catwoi  be  applied.  The  poor  dua-dwory  oortclatioa  of  the 
teanlting  Made  row  unsteady  aerodyMmic  response  suggests  an 
indmaw  relathmahip  between  the  charactensdcs  of  the  gust 
vector  and  the  degree  of  cotidation  of  the  oompresaor  Made  row 
unsteady  aerodynamic  gust  reaponu  data  with  linear  theory. 


Summary  A  Concluriona 


A  aeries  of  eapeiimena  were  performed  to  invesdgaie 
the  fundamental  flow  forcing  ftmedon  phenomena  generating 
tfllferent  blade  row  gust  tesponaes,  in  paitkuto  attached  and 
separated  flow  forcing  funeootw  genented  with  NACA  0024 
idifbUs. 


These  experiments  revealed  the  new  result  that  the 
forcing  function  generator  fluid  dynamics  is  signiftcam  with 
regard  to  the  resulong  unsteady  aerodynamic  gust  response  of  a 
downstream  airfoil  row.  Namely,  attached  flow,  onset-of* 
separated  flow  and  separated  flow  forcing  ftmedon  generaton 
icsuk  in  large  and  important  differenoa  in  dw  resulting  unsteady 
aerodynamie  gust  rnpaate  of  the  downstream  anfbil  row  and 
the  correlation  of  these  data  with  linear  theory  prediedons. 
Sieaify  roaor  Made  loading  also  significantly  affected  this  dam- 
theory  corielatian.  These  differences  in  the  detailed  forcing 
ftmetwn  fhnd  dynamics  explain  the  significaat  differences  in 
Manwaring  and  Fketer's  [8]  fundamentally  equivalent  2-E  inkt 
dismrtion  and  wake  genermed  gust  response  dam.  Namely,  their 
inlet  distortion  fotemg  function  wu  generatwl  by  an  attached 
flow  whereas  the  flat  ptam  wake  fotong  function  wtt  pnwrated 
byasepaiaiedflow.  Hence  the  diffeienoes  in  the  resulting  rotor 
Made  row  gust  unswady  aerodyiwmic  response. 

The  forcinp  function  fluid  dynamics  was  analysed  in 
terms  of  the  requirements  inhoent  in  the  linear  theo^  gust 
modeling.  This  showed  that  the  forcing  function  vwUdon  of  the 
180*  phm  requirement  between  the  streaniwise  and  transverse 
gust  components  contributed  to  the  poor  dam-theory  phase 
oorielatioo  and  that  the  addition  of  the  values  of  tu''’Ar'^  and 
ki/ki  not  being  equal  leads  to  unsteady  gust  vecion  which  are 
ndtfaer  parallel  to  one  another  nor  perpendicular  to  the  direction 
of  wake  convection,  as  also  inherent  in  linear  theory  gust 
models.  Thus,  the  degree  correlation  of  the  rotor  blade 
unsteady  gust  response  dam  with  linear  theory  is  closely  related 
to  the  characteristics  of  the  forcing  function  giat  generating  the 
response. 
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Table  I.  Overall  aMottaadceenpemarGiiincMrialci 


ROTOR 

STATOR 

HiV 

Alriailiype 

C4 

C4 

C4 

Number  of  Aitfoils 

43 

31 

36 

Chord,  C  (inml 

30 

30 

30 

Solidity,  C/S 

1.14 

1.09 

0.96 

('amber,  0 

28.0 

27.7 

36.9 

Stagger  Angle,  Y 

36.0 

-36.0 

21.0 

Inlet  Metal  Angle, 

30.0 

30.0 

0.0 

Aspect  Ratio 

2.0 

2.0 

2.0 

'fhicknesa/Cliord  (%) 

10.0 

10.0 

Ifl.O 

Reynolds  Number  x  10*^ 
(based  o«  chord) 

6.3 

6.3 

3.0 

Flow  Rate  (kg/S) 

2.03 

Design  Axial  Velocity  (nVs) 

24.4 

iDestgii  Rottiioiul  Speed  (RPM) 

2230 

Number  of  Stages 

3 

Design  Stage  FRssure  Ratio 

1.0 

Inlet  Tip  Diameier  (mm) 

420 

tlut/Tip  Radius  Ratio 

0.714 

StaiR  Eflidencv  (%) 

83 

Table  2.  Uiuieady  and  steady  flow  ki/ki  values 


Steady  Loading 
Forcing  Fnnctioas 


-3*  O’  3’  6’ 


Attached  Flow 
(rAOA) 


Onset  of  Separation 
(lO’AOA) 


Separated  Flow 
(TOr  AOA) 


ki^/v^l 

2.04 

2.37 

2.69 

2.37 

ka/k| 

0.281 

0.237 

0.182 

0.128 

%Diflefeace 

626% 

900% 

1.378% 

1.732% 

lu*/V*t 

1.13 

1.63 

1.64 

2.13 

kzAt 

0.279 

0.226 

0.183 

0.140 

DifTerence 

312% 

621  % 

786% 

1,421% 

lu+/v*1 

0.783 

1.14 

1.33 

1.07 

k]/k| 

0.300 

0.234 

0.177 

0.132 

Difference 

161% 

387% 

776% 

711  % 
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Hgim  17.  Unneady  lift  nnovviaiion  with  gun  componetit 
nrio 


RguelS.  AtlKhedlhwienaMeduniiBwIyaeredyii^ 


Figure  19.  Onare  of  squatted  flow  generated  unsteady 
aenufynamc  gust 


Figure  20.  Separated  flow  generated  unsteady  aerodynsmic 
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APPENDIX  V 

Singk  Passage  Euler  Analysis  of  Osdllatk^  Cascade  Unsteaity  Aerodynamics  for 

ArlMlraiy  iDteitlade  Phase  Aii^ 

AlAA  Paper  93-0389,  Januaiy  1993 
(also  AlAA  Journal  for  Propidsion  and  Power,  in  press). 
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MriidcvoloGidaoiatoo^aadildiioctioas.  IkeflnvocMnf  and 
fr  cat  be  lyEt  ina  aabvocaii,  fln  vocariyliBiag,  each  cone- 
a  e  dtodnet  eigeanreha  of  da  rdaad  flat  Jacobian 

BiBtix.i*’ 


P  .  A*  k«^  ato  P  a  B*.  katl 
ancalaitoaa  are  aaade  for  deia 


IWiiO— ll»»- 

dUtaonoe  lylit  aadad  for  da  aaidaal  bead  on  da  aohaioa  of 
HHnwtlnieaRiiMaBipiobiinuwidtRoeawranigingadaccIl 
faooB.  Wld>  da  iliemniiiaiiwi  of  da  oigtniyiam  for  da  flat 


2 


61 


fin  at  dM  taMirfHt  it  obBiMd. 

«lMn  f  it  d»  On  vtoor.  if  it  •  ii||M  tipmcaor.  ou  it  dM 
fcnwt  jnv  MMt  ite/d  wwt^  aid  fil  It  a  danvatatL 
To  iblaii  killHr  adv  ipatid  acan^.  t  eoRMiivt  On  it 
dwaddaditEqaadall: 


(12) 

wUi  4  >  1/3  gMif  t  ddtd  oadar  apadal  aetaM. 

To  oaad  ditpanda  anon  chancaariade  of  Maiitr  order 

lUa  raamti  ia  the  feilowiiil  cenactia  tku 


Kl~1* 

a  a 

<4.-1'^  l4(-U)A 

a  a 

dCl-l'MUIr^ 


wididw 
pn 
dy 


<13a) 

a») 

03e) 

a3d) 

a4) 


l(xjf)«ai|i(x)ntK<0.ata(tiyti^a)]} 
["panoatarPaqiai  io4  aode.  Of 


dCi-I  t,(3.1)iii. 

wUh  ihe  limiiar.  L  giai  by 


l4(aui)i 


a«) 

ExceBm  — itrf.io  ||gve  baa  ***■*-"*  by  aahaiig  ite 
iiihbial  tiaiii  Willi  Hit  alau  ii  fliii  ililTiaai  ■  udii  iiwalewl  al  ilei 

left  haod  aide  oparuorwididiaaBX  actor  dpUtachene,wlddiia 

ippaeimeedy  faemad  intn  Ae  pnAiet  at  t—i  npfy«r» 

leattiiit  too  aaep  beiiBcit  alfoiite  it  ghma 

Aq’  OTb) 

qr*»qr  +  Aq  070) 

with  the  reaidal  am,  R*.  defiad  « 

R-— 0») 

11ie“|eoiaadeooaeiaiialair.idricbprBaaiaa|iiaoaaoine 
MnwdaioiheaiiiaofdietdliaeMiafiedinBiada  17eby 
dtefiiaewiigretarioaliip 

to«^J*Aqr‘ +AJ^' Iq^-Aqr'fl-qrAl*  (15) 

wUiftPsiaiby 

+  C20) 

Tbia  leaults  m  a  flow  aohrcr  da  ia  tbtad-oider  aoeanie  apatially 


‘nwetrbeadaiyofflwC-jidiedafiadbyibeeaareidw 
rid  inaiia  pwipaw  OiAfE.»«Q  The  oeaar  boatey  a 
aiaia  Had  bi  apas.  wtt  a  datooHftg  Srid  McMqa  aaad  10 
locale  dMpealda  of  ihaaftML  Hr  gid  Uaa  rnannin  iba 

2ilwwadweairibaridafaraa|yiiaofa90dereB  iiawtladii 
phaaagiBvabM.  Nate  da  tto  eMail  aNtaiaawmraiBdiB 
driaflrm  i^fy— ■ 
fteadwaMoilarfiMak  TlrrMdMnuiiaiadMadaa 

Aly  •  Wiy  (And)  (218) 

Ayy-iR^Uya)  (Mb) 

risk!  body  !te'!a!gbiing  fbnctkB.  W.  is: 

wbereaiaibBaacla|dieferidliaftaaiheairfoilaaMaee(n»l) 
to  aooM  pU  pobu  ahag  ^caaaiH.  and  it  the  ooier 
boadaqr  rid  IbM  a  ftmi  ii  Rfoaa  1. 

Roaa  EnMena  and22.dradaatdieianerboadety 
(aO)  live  R^yel .  wbkb  noam  dMt  the  abfba  nMace  CoUom  ibe 
rigid  body  aaoda  of  dn  Hade.  OoBvenely,  dronorbooMaiy 
nodee  give  IFyO.  ad  iheadopoeitioaieaaaiB  Sled  at  Ifae  initial 
yadflodinraibiit  Tbeioaieradariieerbiqpeandidver 
dwbddalridaITgvaiteboiiaeaOaidl.  Ilieaodevelociiiea 
areftwdbydWdbigiberiddeiotinaiiabyihetbaaaBpvahie. 


Ibe  aoUd  arfre  beendonr  cnnditiwiia.  f-g  bi  Rgm  1. 
^■pleH^all  mo  pnatne  pMut  condidona.**  Ibeae  an 

praaaaoiratibaihnnHrtatynindbinHiaiTiiifnrifmaloiigM^lr 

gridaaaribam&ceiaedeqpaialyieaoived.  Ibeflowvariabiea 
are  eveaagMl  acnnihe  bdarfaoe  aft  of  die  aMoil  aoUd  aotboe  to 
ibe  nit.  e-(  and  g-b  bi  Rgon  1. 

ancacteiiidc  variable  boandaor  condirioiw  (CVBQ  are 
■aed  for  ptopcr  mnniaaba  of  btfonnadoB  biio  and  on  of  die 
needy  coiyotaiieoaldcmabLi*  TheCVBCaareconiiiteawbh 
dre  concept  of  npwtaribig  bi  wUch  die  rigna  of  dK  cbanoerinic 
velocideadeatnaiBBdreappnpa^paepegadondlreuiona.i*  A 
raninaiy  of  tbair  derivaion  ia  given  bi  the  following. 

lire  Eotar  eqaadona  wrioan  bi  their  non-anaenrative  foia 
lie 

l**|**^-*  03> 

wbh  die  inairioea  a  and  b  detnrmbwd  dmagh  an  cigoivalnB 
inaiyiia. 

Thebiietcondbinnt.b-cbiFiginel.ereobiabiedbymniti- 
piybig  Eqpadon  23  by  and  negkcibig  the  derivadvea  a  the 
noiaal  bilet  ^  dbeetbm  to  give 
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MrtodfiaM 

MoftedH 


^  Pl«l 


widiiiwi 


4.i^«ih-fiuut-n,v 


a7«*) 


MMte  »  dw  flow-ffid  criMMioB  aOBct  OB  dM  1191  of  iM  fint 
itdiw>iliiOA.d<x|>0«>dB-hX^<(»>.  B^MdoiSSisMl- 
UpMidtyP^*  — id»d«ivBiiWifcid»aorwriwitndiwcdBBMB 
MdlK-Hid.tlwiifawwNiiiiiHiiitomdBofSfcrtifaE^BM^ 

dm  a. 

dMMcMiiidai  iMwimdwbo— day.  kddscaH.dwaaniii 


MiiRlitor 


UMity. 


of  dHi  fimr  I 


floin.ddsitMnlljripMiSBdbyitemr 
Qow  vaUblM  bMeow 

Pk«P.+^^ 

4 


irdMltowiiiitei 


■y.’VnfmiBoa 

PariidliiiilrMB 


.■AT 


wuidMi 


p« 

Omr  wiiblw  fiwil,  ih»< 


odyTiimiBri—PycirBdBllpiwtiwinufcecaiteboyBdwy 


H'-i-H'-t 


HyUed.  CgteB*^  dadwd  "mil  irllfirtiin'*  boma«y  coBdftioM 

faragcMnlaBtaMGttaHyEalarBolm.  nmdwamdyflow 

isiohwdiuiBgitofRvioa^pnMniBdCVBCt.  TteBnamed 
Euler  cqaitioas  ten  Hived  at  dw  iatamil  exk  boondaqr  10 
datendae  ttepenatedon  Obit  vaidUH  in  loiu  of  die  dunc- 
MinievnaUH  TUsaEonatimirarialiaaaoftiaiicpRameai 
the  exit  Md  ladooH  laOeedona  fron  die  boondaries.  Ateief 


mMineafca  atpaiBB**a**  and  *1”  m  aaanoMd  to  be  te  aaew 
m  Hhh  at  pete  CeniMning  Bqpaiteiia  7M  (c4)  givn 
Bqpaaien  ZPa.  «Ui  te  rtnaWnf  Qow  vatUbtaa  at  te  inlet 
bemdaqr  tend  by  ateaianBoaa  aohdiiHi  oCEqnaiiena  a  (a-d). 


Q's({p.8ii.^.8p}'^ 
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A* 


a  p  0  0 

V  0  p  0 

0  n  0  ^ 

.  B- 

0  V  0  0 

0  0  u  0 

0  0 

0  yP  0  u 

0  0  yP  V 

naofdaaari 

■rQ*  inpi 

aaipatab. 

(33) 


(34b) 


14  0  1  0  1 

0  0  0 

0  0  1 
0  0  1  M, 

wb— M»ii4My— tfw>toBb—b«Bbi<w»May< 

AmofiltiiweiQnifiM— biguMBBHf  w*w.aiwwic. 
iqrMwawAvgNMOiMM 

UUagi 
Iflowatte 
vaiiMM  te  onHM^r  flows  tn 
sntiiM  in  nnu  of  tepanobaiM  vaiUbiM  as 


(3S) 
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H 

*  £  lu.i{M  eoi(Bai)  At 
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UppuBamittr. 

IV 

Z  At 

*■■1 

IV 

BKji)»Jb£  luiMcoiMiJAt  (3td) 

*■4 

<BrtJii>iBlwcB|p(BiL4BrfUiBdkMiii>  Jhglowitygiidii^ppcf  pcfiodic 


(3to) 

C3lb) 

(38c) 
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'•1  0  0  O' 

V 

Ca 

0  0  10 

&l 

Cs 

0  10  1 

tv 

Ic^ 

.0-101. 

by  aiNdi 
fcrdaoaaenraive  vaitMac.  lOu). 


lintwiie 


£  [Aax)sMn(aMi»  k  BSx)cai(i<ai^)] 


duncarfaia  (C|,  C],  ^  an  aa  »  aao  atf  ft*  oagoiaf  cter* 
aca»iaic(C4)acoa»p^ wring Fqmrtaa 35.  Foraibsariecxii, 

Oncetba 
vaiaUat  aa  foaaii 


^  [AS(x)riii(a(aH<4)  +  Byx)c(M(ii(at4<4)] 


(3») 


aw  kBowB.  da 
ijivcua  Bawsfwt 


r-i  «  i  j- 

8p 

in 

m 

0  0^-^ 

rcii 

Cl 

tv 

0  10  0 

Q 

LoJ 
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L*  •  ^  H 

(3«> 


Ha  primidvc  flow  vaiaUes  aa  fasri  ttring  da  foDowing 


when  f8  !•  gie  tbaa-aveiHBA  vsba  of  L 

'naiai|daBiaaaiBiipH)cadaafbrE>pi>iiOBi38aid39isto 
fim  perfboB  da  daawiaa  bnegntioa  Aar  da  Foorkr  ooeflicieatt 
aoaeaodaiBBrioraibBpariodieboiaidaries.  Thuiamimenot 
atbota  flam  da  flow  aotva.  Thecancmoladaiadaex- 
paadad  aodaa  ia  iba  calcalaad  wring  da  Fowria  coefBciaas 
&aadapfaTioBateapaMaidEi|Baiaa39.  Aftaeacbperiod 
of  inapadoB.  now  vahaa  of  da  ooefScicats  aa  obuaad  Ana 
BqnaioaSt.  TbaidaooollletansiaEqinaiiaa39arBi9daadby 
danawvabaanbiabad  TeaooriaaacaRvoigencaaapaiodic 
iolBdon.llariwfnrhaimilrimr-a»aagedyaiBeaaeiip(laad5 
tiwift  put  pwiftit  "*"Oi*it"** 


wbaa  pig.  wq.  ao  aid  Po  ipaeify  da  aaady  MlBtioiL 


P«pv-^Sp 

(37a) 

Indiiimalad.daBpgriacocfHdenBofdarapoBaada 
pariodfcboaalakaaaaaadaMlcontinBaByupdaad.  Htiais 

nswcftn 

(37b) 

maa  cffleiaK  in  coopoar  waaacy  waaga  daa  dat  of  da  diaa 

vs  Vf^-tv 

(37c) 

aoia  naibod  wUcii  aona  da  ouba  tina  hisaiy  a  da  paiodic 

Psp,4-tP 

(37d) 

bownday. 
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Ta<>>iiii«io«fflrkWifariiwft«p«ripdofoidlUifcm.»aw 
iMHtiidt  piMM  aigl*  caaSguniloa  is  aniyaitf  with  dw  cocfll- 


For  t  wmrMmo  ioMtUate  pkiM  Mite.  iIm  shd  pkaw  uigla 
coafflckMi  an  VMd  only  for  dw  flm  pwiod  wUh  dM  apprapriaM 
aanarotaMWadapiiaaangladiaBappUad.  Thaaiial^isdien 
ran  aadl  a  periodic  aotadMi  is  aetals*^ 


la  dds  paper,  llw  oniMdy  periodic  bonadaiy  candidoiu  for 
wiewerty  ondaia  am  iavoadfaead.  Tho  iwo-dimaRaMnal 
oneady  Ettlar  aquarinna  am  aotmd  for  a  cascade  geoawiiy, 
Hfom l.ariagailBia  aiairhiin.flmi-dgfareBCCipiltttiHschaiie 
impiewiaiiaad  on  a  C  pid  whkii  is  aPoamd  to  defoim  with  the 
riffoS  owrioB.  eidMr  unfoBal  or  iranstadoaaL  foediciiaRa  far 
both  flat  plaia  aad  loaded  oacillaiag  airfoil  cascadw  am  pre¬ 
sented,  with  the  oscfllatiop  amplitude,  cascade  geometry  and 
fanerblade  pham  angles  varied. 

Wt  Pl«t» 

To  vaUdaie  the  Euler  sohitions,  the  unsteady  flow  past  an 
oacillating  flat  pisiacascadeis  analysed  and  compamd  with  linear 
thaeqrpradiciiana;  Urn  caaeadeoonaiaia  of  flat  plaies  staggered 
atdSd^yemwidiaaolidiqrof  li).  ThainletMadinnmberisO.7. 
the  mean  flow  incidence  angle  ii  zero  aad  the  reduced  frequency 
k  is  0.7S.  A  finite  1%  thkk.  roimded  nom  airfoil  is  used  to 
approshnam  the  flat  plate  airfoils.  AldSattC-gridiseuanded 
0L9SchoidsiqMtreamoflheleadiagedteandl.0clioidadown- 
SBeam  of  thetraiSngedfB,  Figure  3a.  Udally,  the  flow  variables 
are  sat  eqaal  to  the  previottriy  determined  steady-stale  vshies. 
Than  the  airfoils  oscillate  for  a  number  of  cycles  saflideat  u 
achieveapcriodieuiisiaadyaoluiioa  Theairfeilsiafooeuniieidy 
presmraa  for  the  last  cy^  of  oarallation  arc  then  Fourier  de- 
congmart  to  detea  mine  the  first  harmonic  unsteady  preaanre 

HgBredriMwsthemagBinideandphamofibeairfoilsarfaoe 
unamedy  pnanne  reaponm  u>  a  1%  diotd  translational  motion  at 
an  inteibladBpliam  angle  of  90  degrees.  The  predictions  of  die 
&der  solver  nanig  the  stacked  aad  Fourier  periodic  boundary 
conditions,  four  harmonics,  are  aheani.  Thcreisaodiffcrcaoein 
the  rcaponse  for  eidicr  of  the  two  Euler  periodic  boundary  condi* 
tioitt*  igfQoiicBt  of  tbo  unsiosdy  pfcssiiio  mssnioido 

between  dm  Euler  predictions  and  the  Ibw  theory  anafysis  of 
Whitehead*  is  evident  The  phamdistribuiions  are  also  in  good 
agaement  with  the  linear  theory  predictions.  foam20%u>80% 
dioid.theEuleraolvcrpretiicttasdghtlyhi^ierphaseangle.  The 
large  jump  in  pham  at  the  trailing  edge  is  aresult  of  the  unsteady 
pretsure  tflfbreaeemagntoide  qiproaching  zero,  thereby  making 
any  riight  idfforence  in  the  unatmdy  presnne  qipear  large. 

The  conqpnraiinnal  dme  for  the  Fourier  periodic  boundary 
condition  amlyeia.  wUdi  required  seven  cyclm  <d  oscillation  to 
converge,  eras  5  CPU  hours  versus  11  CPU  horns  on  a  HP-730 
urarkstation  for  the  stacked  periodic  boundary  condition,  which 
converged  in  four  oecfllaticia 
HWt  Standard  CMififination 

Todemonstrare the  Fbutinr  periodic  boundary  condidons  for 
mbsonic  flow,  a  loaded  airfoil  cascade  was  analyzed.  The  10*^ 
is  a  cascade  of  NACA  0006  airfoils  «  4S 
degrees  stagger.  lOdepeea  angle  of  attack,  with  asolidity  of  1.0. 
The  unsteady  cascade  flow  generated  by  translational  motion  is 
analymd. 

A  grid  convergence  study  was  conducted  to  verify  grid 


of  the  19k 


Mach  narnbar  of  0.7  aad  a  0  devee  jatorMade  pham  angle 
esectttingtranelaiionalniotiBnfortwogridsmdiea.  Thefitatsaidy 
addreaam  the  grid  density  indepandence.  Both  C-grids  eatend 
0.92  chords  upeneam  and  0.7  chorda  downstream,  with  lS7z22 
and  313x40  grid  points  respectively.  As  shown  in  Rgure  3.  there 
lanodiffcnBoeiatheraaults.  Thus  the  courser  grid.  Rgare  3b.  is 


The  second  smdy  is  performed  to  detnminegtidiBdepcn- 
dence  from  efbea  at  the  inlet  and  eait  plane.  The  C-^id  eras 
eaiandad  to  U  chords  upsaeam  of  foe  leading  edge  piane  and  to 
2.0  chords  downsneam  of  the  traifing  edge  plane  edfo  2f9x31 
poinisinfoepid.  The  same  sabeonic  translational  zero  intcrblade 
phase  angle  cenfiguratien  eras  analyzed.  Ndtefoatfoisisasiyer- 
raaonant  caacade  flow  oonfigindon.  with  propaging  eravoa  gen¬ 
erated.  FCr  asiqrer-reaonamcaacade.  acoustic  eraveedonotdecay 
as  foey  propagate  aerqr  from  the  oscillating  cascade.  Therefore, 
a  super  resonance  condition  ahonid  be  the  most  sensitive  to  the 
hdataadesitloeaiMn.  TheranritsamalaoahowninngureS.  No 
boundary  reflection  ptoUam  is  evident.  Thus  foe  smaller  grid  is 
udlizetL 

The  subsonic  lOfostandart  configuration  cascade  airfoil  sur- 


of-4Sd^nmiaahoe«mflgam6.  Both  the  Fourserand  stacked 
periodie  boundaqr  comUfoms  results  am  riiown.  along  with  the 
UnearthaocyanaljraisofWhitahaadl.  The  two  nonlinear  analysis 
icsultaareidenticaliabofoinaviitodeandpbaae.  The  magnitude 
of  foe  Enkr  onaaady  tmponm  is  form  fortes  higher  near  foe 
leading  edge,  wifo  tug  yfttii  gm  Qiigr  and 

linear anlnrions ague atthanailfaig edge.  Thephamresultsahow 
that  dw  Euler  rafo  Unaar  eolurioni  have  the  same  irendwise 
behavior,  hut  offoat  hy  90  degrees. 

The  fone  hhetity  of  the  tameady  lift  for  the  Fourier  analysis 
isdiowniaRgnreT.  Thisplotriiowsthstfoesoinfomhssreidwd 
spetiodicst8»sfterl2periodsofosci]lstian.  Thistafces64CPU 
houta  on  foe  HP-730,  while  foe  mcked  analyris  reached  a 
pstiofoc  srae  in  4  paaiods  taking  16.5  CPU  bouts. 

The  impoctance  of  foe  number  of  harmonics  in  the  Fourier 
periodic  bonudmyconditioni  11  shown  in  Rgine  8.  Thomagni- 
tude  of  foe  first  ei^  harmonica  of  foe  conservative  variable,  pu, 
by  foe  first  hstmcnic  bom  foe  stideed  nalysis  is 
drown  for  five  different  nods  locafoms  along  the  periodic  bound- 
sty.  The  Fourier  periodic  boundary  condiiioiu  were  used,  wifo 
both  foe  first  and  the  first  four  harmonics  used  to  determine  foe 
solutionatfoepetiodicbonndBy.  Themigninnleof  ftehsnnorrica 
do  not  dunga  udieiher  the  fint  or  foe  first  four  MtBU  ere  kqtt.  Le. 
foepetiodicboaidarysoliuion  is  domhuiad  by  foe  first  harmonic. 


Traiunnic  riiaite 

Todemonsme  the  Fourier  periodic  boundary  conditions  for 
transonic  flow,  a  cascade  configuration  with  a  strong  normal 
shock  wss  analyzed.  The  I(F>  standard  configuration  geonmny 
was  used  wifo  a  fteestresm  Mach  number  of  0.8.  The  back 
preimie  was  reduced  u>  0.7,  lentliing  in  e  strong  shock  wave 
con^kiely  across  the  flow  passage.  Thenumbcrofgridpointsin 
foestreamwiseditccrioowm  increased  to 223  to  beoerreeohre  the 
shock  wave,  but  no  grid  refining  near  foe  shock  wss  done. 

The  flow  field  static  preesarecontoinerepresenied  in  Hgure 
9.  diowing  that  foe  normal  shock  emends  conqiletely  across  the 
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hlirtipitMm 

pw—  MtllMwaf  ilwcaiiad»— givifai  Hgm  10.  Hm  Aock 
MTO  at  92%  cfeod  (n  Ow  mctioa  mfiot  and  iniaaeeia  itM 
pwMMwaBrfacii  at  25%  choid. 

Hm  caacada  is  Omb  QKiUaiBd  in  a  tonional  moda  about  cha 
aaid-choidwidia-OOdagaaiiiiaabladaphaaaatla.  Thaampfi- 
mde  of  iha  aiifoa  oacifladon  is  variad  taan  0.1*  u  .U*.  Tba 
mapUndoof  iho  wiMady  nMMMateoafDekni  fioffl  the  0.1*  and 
0.2*  oadHaiiooa  aia  aarapiotawd  for  the  “linear^  aolution.  Hia 
uuMady  laonieM  eoafficieM  is  than  ptonad  varaus  Iha  aaqdtnida 
ofoacillaiioii.i^inall.  Nadinearcibcisawawideatioroscillaiion 
ampUnidespBaiarihaalir.  Tins icsnliaveas  with  stolon 

tidMaia|njMy  a*^fd»«a4di  ^ 

HgmellahoainhaaitfoilsgrfaraimitaatlyptatiMwnmm- 
nda  and  phaaarasnltt  Aran  oadUadoa  aaqdiada  of  3.5*  for  both 
the  nackari  and  Foodar  periodic  boundaiy  oondidaiis.  with  iha 
fim  six  hannoniGs  naad  for  the  Fooriar  nuihod.  Tkaunsieady 
mapiioida  and  phase  pwsaora  laaponaa  an  idanikal  for  both 
methods.  The  sBongnoimai  shock  is  seen  in  both  the  magnimrta 
and  phaaa  pkiia  at  25%  and  92%  chord,  with  this  noniinear 
behavior  abto  to  be  calcnlaied  with  the  Fourier  periodic  method. 
The  CPU  tuna  wu  147il  and  238.S  boon  on  dm  flP-730  for  the 
Fonrier  and  atacirert  periodic  boundary  comlitions  reflectively, 
with  35  and  15  periods  of  oadllaiion  leqniied  to  reach  a  periodic 

ToinveaiitamtheFoatierperiodicboundaiyconditioBsottt- 
tion  in  mow  detail,  the  time  himnty  of  die  conscrvaitve  variables, 
p  and  pu,  one  node  in  fkom  dm  periodie  boundary  at  the  shock 
wavelocaiioaamploiiadinFifae  nibrboib  the  stacked  periodic 
bmmdaiy  condhion  and  for  the  prediction  widi  both  the  first  and 
the  first  six  hatmonics  of  the  Fourier  periodic  boundary  condition 
method.  Ordythalastfourperiodiofoacillaiionaieplotiedtogive 
VrtiT  leaoliitioB.  Although  dm  firm  harmoriic  «t««*  bouadaiy 
condition  does  lenmticably  wen,  using  dm  first  six  harmonics  in 
the  boundary  condidon  yields  a  solutiaB  vriiich  is  neariy  identical 
to  that  with  dm  stacked  airfoils. 

The  magnitade  of  the  first  eight  Fourier  coefficienisonenode 
in  from  dm  periodic  boimdaiy  for  dm  conaetvativa  variable  pa  at 
dm  normal  shock  location  and  for  the  two  nodes  upstream  and 
downstream  of  dm  shock  location  aw  shown  in  Figure  14.  Nearly 
exact  apeementbetweendmsidatioa  with  the  stacked  and  Fourier 
periodic  boundary  condition  using  the  firm  six  terms  wsait. 
However  it  is  evidm  that  using  only  the  firm  term  in  the  boundary 
condition  does  not  maintain  the  higimrhsanoBic  effect  at  the  flow 
field  periodic  boundary.  This  figure  also  enqihasizes  the  validi^ 
of  01^  keeping  the  firm  six  hatmonics  of  the  boundary  condition. 
asthehigherhatmoniGsawqaiiesmalL  TheaerendtsvaUdaieihat 
dm  Fourier  periodic  boundary  conditians  preserve  the  nonlinear 
behavior  of  the  flow  solver. 

The  CPUtinmpenalty  due  to  the  timewise  iniegrations  for  (he 
firm  six  hatmonicsof  dm  Fourier  series  along  the  periodic  bound¬ 
aries  for  a  single  passage  was  2.1  minutes  or  5.6%  of  the  48.5 
mimnee  required  for  arm  period  of  oscillatioo  of  a  transonic  1  Oih 
standard  configuration  for  a  zero  inierblade  phase  angle  analysis 
withoveriappiagoftlmgiid.  The  number  of  oscillations  needed 
to  reach  a  petiothc  solutioa  was  usually  double  that  needed  for  (he 
stacked  periodic  bouadaiy  conditions.  Therefore,  depending  on 
dm  inierblade  phase  an^.  dm  wvinp  in  CPU  time  can  be 
enormous.  Alee  any  arbitrary  interbiadephaseanglecan  easily  be 
analyzeiL  The  penalty  in  terms  of  memory  requirements  for  a 


particular  cascade  flow  field  analyaia  was  appreximaialy  3il%  of 
dmatackodbonndaiyoQiMlidaiL  ThisaiMMidnotpoooaiqrproblam 


An  invemigariCB  of  dm  unaieai^  aarod^namics  aaaociaied 
with  an  oscillating  cascade  of  airteils  has  been  complemd  using  a 

onadafrimingC-grid.  The  flow  solver,  wnich  is  second-order 
accurate  in  time  and  ddsd-order  aoeniaie  spatially,  was  firm 
verified  by  analyaagafiarplaiecaacade  and  conqmringilmreaulit 
with  Unaar  dmety.  This  ahewad  exceUem  agreement  with  dm 
linaer  dmatypwihcdons.dnm  validating  dm  flow  eohrer.  The  10* 
atandardcawadacontlfDiadonwaa  then  analyzed.  Aaexpeemd 
dmaa  predictiona  rimwad  effecta  that  dm  linear  dmory  coold  not 
predict  and  ahowed  dm  uaaAdnom  of  applying  dm  Fourier  ahape 
ccBuctiOB  periodic  boundary  conditions  in  saving  computer  w- 
aoincet.  To  prove  dm  nonlinear  validity  of  the  Fourier  periodic 
boundary  cordons,  a  Binsonic  caat^  configutatian  with  a 
mwngnaimal  shock  wave  and  highmagnitudea  of  loisional  blade 
nerillitifln  waaanidiedL  Theaereanltt proved  the  nonlinrarbehev- 
ior  of  dm  Fonrier  periodic  boondaty  cooditiont. 

The  coatcluaion  of  this  wiesirh  inio  the  uenlumar  nnsmady 
eandynemice  of  a  caacartn  of  airfoilt  undergoing  both  tranala- 
tianal  and  Mcaianal  oadlladon  is  that  applying  a  Fourier  periodic 
boandaryooBdidoniavalid.  ThiapwiwiicboniidarycoBditionhas 
boon  deumrisaated  to  model  dm  wmlhmar  bdwvior  of  dm  flow 
field  whao  gieady  redoeing  dm  computer  leoourcet  in  both  time 
and  memory  lequirtmews  over  other  methodi. 
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(b)  lOtit  Siandant  Oonfiguratiao 
Hgnie3.  Computational  grids. 


FifBn4.  ffito  n—«iia<iy  p—e  iMtemetL:  Hgme  5.  Grid  effect  at  lOOi  MuuUid  coofigmuion  unsteady 

M-0.7,k-0.75,5»45».o«<r.i««V)«0.72l,  iawredifferei>ee;M»0.7.k*0.75,C=45*. 

h] «  0.01,  CVS  « 1.0,0  >90*  oslO*.p/Po®0.87,hj>0.01,OS»  1.0,a  =  0* 


HguieO.  lOdisaiidiiOcoiifigiBBtioauiuieady  pressure  difference: 

M  »  0.7,  k  «  0.75,  C  >  45*,  o  >  10*.  p/Po  »  0.»7.  hi  =  0  J)1 .  OS  >  1 J),  o  =  -45* 
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Ttae(Me) 

RfORlS.  tioMmeeofGaaaatvaitvevaiiabtoatpariodiebaiBilny: 

M  ■  0  k  «  0.75.  ?  «  45*.  o  «  10*.  pffb  •  0.7.  ai «  3  J*.  OS  « 1.0.  o  «  ^ 
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EFFECT  OF  ACOUSTIC  RESONANCE  CONDITION  ON 
WAKE  GENERATE}  ROTOR  BLADE  GUST  RESPONSE 

Stovon  a  Mpnwiring-t*  and  Sanfoid  Plaatar 
Thormal  Sciences  end  Propulsion  Center 
School  of  Mechanical  Engineering 
Purdue  University 
West  Lafayette,  Indiana 


ABSTRACT 


NOMENCLATURE 


Unsteady  aerodynamic  blade  row  response  is  generaUy 
cattfotued  u  either  stitaresonant  or  sttpetresoeant,  with  an  «g««nny 
Rsmsnce  SI  the  pointt  where  these  regioos  meet  Although  these  £k 
yw  acoustic  responses  ate  critical  to  obuiniag  conect  predictions 
iroin  lioearued  imsieady  flow  models,  they  am  a  sul^  of  some 
controversy,  both  analytically  and  esperiineatally.  In  this  paper, 
inuliisuge  tutial  flow  comptesaor  aoonstic  resonance  cnndldo^ 
including  both  sufaresonam  and  supenesonant  unsmndy  nerodynandc 
response  in  the  immediate  vicinity  of  an  leaooance.  are 

nperimentaUy  investigaied.  This  it  arrompHshed  by  aHaadMat 
these  acousde  lesonancc  and  subrestnunt  and  sapenesonaot  nade 
row  uueiac^  phenomena  in  leniis  of  dKir  cOect  on  the  rowr  blade 

tow  periodic  unsteady  ptessme  response.  The  and 

-mhlilhad  hr  r  hreiiiin  iltt 
number  of  vanes  while  dm  ante  «  raiorbSfcs. 

teej^iteg  the  imsieady  nuordoior  imeracdoM  aad  ite 
mieihiade  phase  angle  and  by  varyinf  the  Maeh  a 
changing  the  Hade  row  meracdona.  Rntdttflm! 

penodic  unsteady  pressure  reippnsc  to  a  d  _  _ 

interaction  genoaied  acoustic  wave  is  sated.  Then,  ite  gust 
wfeady  aerodynamic  icnome  of  the  flnt  nae  raair  row  dw  to 
ICV  waMs.  with  the  iCV-iasinmMated  flnt  ttage  rowr  itself 
configured  to  gene  rase  suhresonaai  and  atmencaonant  oondiiions  is 
esnsideted.  ApproptiaiedtiaMt  «»«««»» 


*  Qncniiy  Engineer,  Aerodynamics  Reseaich  Labonioty 
General  Electtic.  Ahaaft  Engines.  Qncinnau.  Ohio 
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Rotor  Made  seraichotd 

Rotor  blade  steady  pressure  coefTiciem 

Rotor  blade  unsteady  pressure  coefficiem 

Rotor  blade  unsteady  pressure  diflerence  coefikieni 

Rotor  blade  acoustic  wave  unsteady  pressure 

Rotor  blade  mean  incidenoe  engle 

Reduced  fieqnency  «  ub  / 

Dfgmaed  enemhied  averaged  unsteady  pressure 
Rotor  blade  mteeaeady  pressure 
Hnt  hannooic  complex  unsteady  pressure 
Acoustic  wave  complex  nasieady  pressure 
Sbeamwise  gun  flnt  bannonic  component 
Sbcarawire  periodic  unsteady  velocity 
Tanavenc  gnaifirit  bannuilic  component 
Tnntvme  periodic  unsierely  velocity 
Meanaxielvelociiy 

Abaohm  vteity  vecw  diflerence  from  mean  value 
Total  unsteady  velocity 

Relaiive  mean  flow  angle 
Relaiive  flow  angle  diflerence  fiotn  mean  value 
Forcing  function  frequency 
INTRODUCTION 


_ ruwmwaiiw  Diaoc  row  aeroelastic  and  aeroacoustic 

response  m  (Mven  by  unsteady  aerodynainic  phenomena,  cunemly 
analyte  by  lineanxed  unneady  aerodynamic  models  in  which  the 
uQstey  flow  u  coiteered  to  be  a  small  peronbuion  of  a  unifoim. 

^'*‘“**3*  ■«*  Goldsiein  (1978), 
*"*!  (IWJ.  or  a  nonunifoim  sready  flow.  Veidon 

and  WI990I.  Scott  teAtassi  (1990)  and  Fang  (1»1|.  Fdrihese 
maihttnatically  valid  piedicdcns  of  the 

blade  m  unneady  aendynaraics.  the  far  field  sohidon  chancterisbes 

are  ^bcaL  Namely,  the  pacticular  combination  of  unsteady  flow 
conditions  may  result  in  these  lineaiite  unsteady  aerodyiuunics 

models  geneniing  various  wave  ptopagatton  inodes. 


— ^/arouawv  WWW  IVapOHSC  »  KClierftliy 

categotixed  based  en  the  far  field  acoustic  response.  For  a  cascade  in 

a  lubronic  flow,  the  unsteady  flow  is  superresonam  when  pressure 
dtsiurbences  prapagaie  away  ftom  the  cascade  unanenuaied.  When 
me  pressure  disnifbances  decay  exponentially  with  rfiMawf.  the 
c*sci«  IS  sufaresonanL  At  an  acoustic  resonance,  a  point  where 
robre^ant  and  superresonam  regions  meet,  the  pressure 
distutbe^  Ptopagaie  energy  along  the  blade  row,  i.e.,  the  energy  is 

propagated  m  a  purely  ungendal  direction. 


Freaentad  at  tha  msanwiiooal  Qaa  Turbine  te  Aeroengine  Congrem  and  ExpoaMon 
Oneinnaii,  OMo  -  May  24-27. 1993 
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flaw  coadirtpw.  cumk  giowwiii.  and  taurtlada  phiM  aiifle  H 
Mdiwhueadftaqiimcykvaliict.  For  a  Mfewnic  Mm  Mack  mmibcr. 
tta  iiMMady  flow  aad  caaeade  gaameoy  condiiiaM  which  specify  itw 

mwdc  anoMMi  iMobtade  pkaae  anfk  value  p,*  is  given  in  Equadoa 
I.  Ai  poaMve  aad  negaiive  MetWade  pkaie  angle  values,  acoustic 
luaoaaaces  bracket  ine  wave  propagating  superresonant  region. 

When  eitlier  0  >  0r*  (v  P  <  Pr*.  <l>a  cascade  is  subiesonani  and  the 
waves  decay  j9|. 

6^  m  2kM  (M  sin  (On  ♦  y)  ±  V I  -  M*  cos^Oa  +  y)) 
(OSKI-M*) 

(I) 

wheie  Pr  is  the  acoustic  resonant  imerMade  phase  angle.  M  denotes 
the  Mach  number,  k  ■  o>C/2U.  CyS  is  the  cascade  solidity,  y  is  the 
stagger  angle  and  Oo  is  the  mean  flow  incideiice  angle. 

AMough  these  acoustic  resonances  are  critical  to  obtaining 
tnmemaucally  correct  predictions  ftom  linearieed  unsteady  flow 
modds.  they  are  a  sulqect  of  some  controversy.  For  example. 
Ooolymos.  BUn.  and  Quiiiiou  (1990|  developed  an  Euler  solver  and 
”***"*<*  fOfx*  correlaiioo  wi*  vibiratittg  transonic  g»wwu»  data. 
ywrWt  diis  code  did  not  exhibit  any  particular  behavior  at 

condhioos.  Experimentally,  superresonant  (low  wave 
propagation  behavior  has  bm  shown  t^Bunum  and  Fletserl  1991a. 

1991bl  to  have  a  sighificam  effba  on  obtaining  valid  twodimensional 
oroiltaiiing  caacade  dya.  The  question  has  abo  been  raised  as  to  the 
significance  of  acoustic  resonanres  in  actual  blade  rows. 

Of  particular  interest  herein  is  a  rotor  blade  operating  in  a 
ntultibinde  row  environment.  The  interaction  of  thu  rotor  with 
dbtoned  flow  fields  generated  from  vanes,  struts,  ohstrnctions  or 
iniet  flow  distaiiions.  for  example,  generates  propagating  acoustic 
waves.  These  unsteady  interactians  ate  speafled  by  the  reduced 
ftequency  k  and  the  reladve  number  m  upstream  exciudons 
Kneumew  aiMl  downstream  rotor  blades  Nenset  v'iuch  spedfles  the 
ktterfaladr.  phase  angle  value  p. 

P  -  2jttJMaaii0tt  ±  2nm  O) 


where  m  is  an  integer. 

These  rotor  interactions  generate  acoustic  waves  which 
propagate  upstream  and  downstream.  Depending  on  the  interaction. 
Le..  the  reladve  number  of  upstream  excitations  and  downstream 
rotor  blades,  either  a  subicsonam  or  a  superreronant  fl^  condition 
results.  In  the  subresonant  regime,  the  acousdc  wave  is  attenuated 

whereas  in  the  supetresonam  flow  regime  it  propagates  upstream  and 
downuream. 

In  this  paper,  multistage  axial  flow  compressor  acousdc 
resonance  conditions,  including  both  subtesonam  and  wpenesonant 
unsteady  aerodynamic  response  in  the  immediate  vicinity  of  w 
acousdc  resonance,  are  experimenrelly  invesdgated.  This  is 
accomplished  by  means  of  a  series  of  experiments  directed  at 
quantifying  these  acousdc  resonance  and  subresonant  and 
bla^  row  inieracdon  phenomena  in  terms  of  their 
meet  on  the  rotor  Ua^  row  periodic  unsteady  pressure  response, 
fta  the  first  stage  rotor  tow  perkxUc  unsteady  pR»ure  response  to  a 
downstream  stator>roior  interaction  generated  acoustic  wave  is 
Then,  the  giist  unsteady  aerodynamic  re^xuise  of  the  first 
•age  rotor  tow  due  to  IGV  wakes,  with  the  IGV-instrumented  first 
mge  rotor  itself  configured  to  generate  subresonant  and 
supetresonam  conditions  is  considered. 


RBSCAKCH  COMPRESSOR 

The  Purdue  Axial  Plow  Research  Compwisor  models  the 
fundamental  lurbomackineiy  unsteady  aerodynamic  muliistagc 
uiiarnction  phanomena  which  wdude  die  inridance  angle,  the  vckx-ity 
and  pressure  variations,  the  aerodynamic  forcing  funciiun 
wavefoims.  the  reduced  frequency,  and  the  unsteady  blade  row 
interactions.  The  compwiior  u  driven  by  a  IS  HP  DC  elecoK  mouir 
at  a  speed  of  2.2SO  RPM.  For  the  baseline  configuration,  each 
idemical  stage  contains  43  rotor  blades  and  31  stator  vanes  having  a 
British  C4  airfoil  profile,  with  the  first  stage  rotor  inlet  flow  riekl 
establithed  by  a  variable  setting  inlet  vane  (IGV)  row  of  36 
airfoib.  The  overall  compressor  and  airfoil  characteristics  are  defined 
inTabbl. 

The  first  stage  rotor  row  u  instmmented.  with  the  first  stage 
stator  row  and  second  stage  rotor  row  removed  to  assure  that  potential 
effects  do  not  affect  the  instrumented  Made  row  data.  The 
propagating  acoustic  wave  is  generated  by  fixing  the  number  of  third 
sttge  rotor  blades  and  varying  the  number  of  second  stage  suior 
vanes  to  obtain  supenesonam  flow  conditions  form  thb  doimtream 
stator-rotor  interaction.  The  Kj  Vs  and  instrumented  first  stage  rotor 
row  comfainaiion  b  such  that  their  interaction  b  far  removed  from  the 
acousdc  resonant  condition. 

To  invesngate  the  gust  unsteady  aerodynamic  response  of  the 
first  st^e  rotor  row  due  m  IGV  wakes,  with  the  IGV-instrumented 
rotor  interaction  generadng  subresonant  and  superresonant 
conditions,  the  number  of  first  suge  rotor  blades  is  maintained 
constam  and  the  number  of  IGV's  is  varied.  Also,  the  downstream 
seomd  stage  stator  and  third  stage  rmor  combinations  are  configured 
to  operate  far  ftom  an  acoustic  resonance. 

INSTRUMENTATION 

The  compressor  aerodynamic  performance  is  determined 
utilizing  a  48  port  Scanivalve  system,  thetmocoupbs.  and  a  venturi 
orifioe  to  measure  the  lequiicd  pressures,  tempoanircs  and  flow  rate, 
re^iecdvely.  The  Scanivalve  transducer  b  calibrated  each  time  data 
are  acquired,  thus  automatically  compeasaung  for  zero  and  span  shifts 
of  the  uunsdiioer  output.  A  93%  oonfidenre  interval,  root-mean- 
square  error  analysb  of  20  samples  is  perfonned  for  each  steady  dau 
measureroent 

Both  steady  and  unstredy  rotor  Made  row  dau  ate  requited. 
The  steady  dau  quantify  the  rotor  row  mean  inlet  flowfield  and  the 
resulting  rotor  Made  midspan  steady  loading  distribution.  The 
unsteady  dau  define  the  periodic  aerodynamic  forcing  function  and 
the  resulting  midspan  blade  surface  periodic  unsteady  pressure 
distributions. 

The  inbt  flow  field,  both  steady  and  unsteady,  is  measured 
widi  a  rotating  cross  hot-wire  probe.  Disturbances  in  the  stationary 
frame-of-reference.  i.e..  the  IGV  wakes,  are  the  unsteady 
aerodynamic  forcing  functions  to  the  first  stage  rotor  row.  The  rotor 
periodic  unsteady  inlet  flow  field  generated  ^  these  disturbatKcs  is 
measured  with  a  cross  hot-wire  mounted  in  the  rotor  frame-of- 
reference.  The  probe  is  axially  mrxuied  30%  of  rotor  choid  upstream 
of  the  rotor  bailing  edge  plane.  A  potential  flow  field  analysis 
determined  this  axial  lorotion  to  be  such  that  leading  edge  potential 
effects  are  negligible  for  all  steady  loading  levels.  The  probe  is 
angularly  aligiiM  to  obtain  rotor  relative  velocity  and  (low  angb  dau. 
The  cross  hot-wire  probe  was  calibrated  and  linearized  for  velocities 
from  18.3  m/sec  to  33.4  m/sec  and  ±35  (kgrees  angular  variation, 
with  the  accuracy  of  the  velocity  magniturle  and  (low  angle  were 
determined  to  be  4%  and  ±1.0  degm.  respectively.  Centrifugal 
loading  effecu  on  the  rotating  hot-wire  sensor  resistances  and.  thus, 
the  responses  found  to  be  negligibb. 
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Tiw  dMikd  mady  aMadjniMiic  loadiM  M  ilM  "Mor 
MHfMn  it  mmiwid  widi  •  ekatdwite  diwibwMM  of  20  nwttpw 
umk  fttimn  taps,  10  on  aacii  iwface.  The  anic  premnt  m  ihe 
imar  esk  pliM.  aaeaaiiied  whh  a  ratar  dnm  Hauc  lap.  if  uaed  aa  dw 
Made  tuaftcc  antic  pteattm  retereacc.  Thaw  tniic  picttiiK 
neaaaicneatt  araoiade  aaiag  a  ranr  baaed  41  pon  constant  9eed 
drive  Scanivalve  ayneaa  loGMad  in  dw  iMordnan. 

The  neawmaeat  of  the  nddsaan  RNOf  blade  lurfwe  immailv 
pamuics  is  arrompliihcd  with  20  uiin>niiniaiufc.  high  reapoase 
naaducers  embedded  in  the  rotor  blades  at  the  same  chenlwite 
tocaiioM  as  the  static  presaatc  uqw.  To  mioimiw  the  possibility  of 
flow  dittinboaces  ataociaicd  with  the  inability  of  the  UMsducer 
diaphr^m  to  eucily  maimain  the  suiface  cutvetuie  of  Ihe  blade,  a 
icvctse  mounting  lednique  is  udlued.  The  presaute  suiface  of  one 
Made  and  the  sucdon  satiaceof  the  a^tacem  Made  are  instnimenied. 
with  iransducets  embedded  in  the  nonmeaturemeni  surface  and 
comwctad  to  the  measuremem  surface  by  a  static  lap.  The  embedded 
dynamic  transducen  are  both  statically  and  dynainicaUy  calibrated. 
The  static  calibrations  show  good  linearity  and  no  disccmi^ 
hysteresis.  The  dynmic  calibn&ms  demontinue  that  the  (iremiency 
response,  in  teiwis  of  grin  attenuation  and  phase  shift,  are  not  affected 
by  the  reverse  mounting  technique.  The  accuracy  of  the  unsteady 
pressure  measurements,  detemiiaed  ftom  the  calitaiaiians.  is 

The  loior-bssed  static  pressure  Scanivalve  transducer,  rotating 
cross  hot-wire  probe  arul  20  Made  surface  dynamic  pressure 
nansducers  are  interfaced  to  d>e  stationary  ftame-of-ieference  through 
a  40  channel  slip  ring  asaemMy.  On-boi^  signal  conditioning  of  the 
nansihicer  output  signals  is  pmrmed  to  maintain  a  good  signal-to- 
noise  ratio  through  the  slip  rings.  The  remaining  17  channels  of  the 
slip-ring  assemMy  are  used  to  provide  esciiaiion  to  the  transducers 
and  onArff  svriiehiiig  to  the  Scanivalve  DC  motor. 

DATA  ANALYSIS 


Steady  Oau 

The  rotor  Made  suiface  static  pressure  data,  measured  with  the 
rotor-based  Scanivalve  system,  are  defined  by  a  root-mean-square 
error  anafwis  of  20  samples  with  a  9S%  caaBdeoee  interval.  The 
reference  for  these  midspan  Made  pressure  measuremenu  is  the  static 
pressure  at  the  exit  of  the  rotor  measured  on  the  rotor  dram.  Thus. 
^Made  suiface  and  the  reference  static  pressures  are  measured  at 
dnSneattadU.  Hewae.  a  correction  for  the  resulting  difference  in  the 
radial  acoeleiaiioo  is  applied  in  calculating  the  Made  suiface  static 
pressure  coeffleieat 


where  Ui  is  the  rotor  Slaiie  tip  speed. 


(3) 


Periodic  Data 

The  periodic  data  of  inteiest  are  the  first  harmonic  corryonents 
of  the  aeromnninic  facing  functioo  to  the  first  stage  rotor  Made  row 
together  with  the  lewhing  rotor  Made  surface  unstody  messuies  and 
unsteady  pressure  differences.  These  are  determined  by  defiiniig  a 
digidred  ensemble  averaged  periodic  uanteady  aerodymonic  data  set 
oonsisting  of  the  rotating  cron  hot-wire  arm  and  Made  surface 
dynanw  pressure  transducer  signals  at  eadi  steady  operadag  poim. 
In  particular,  these  dme-vaiiam  signals  are  digiiiaed  with  a  ht^  ^eed 
A-D  system  at  a  rate  of  IQO  kHz  and  then  enseadile  averaged. 


The  key  to  dds  averaging  technique  is  the  aMlity  to  sample 
data  at  a  preset  done,  accomptashed  by  an  optical  encoder  mounted  on 
the  rotor  shaft.  The  ndcroseoood  range  step  voltage  signal  from  the 
encoder  is  the  data  itddadon  time  refiacaoe  and  triggen  the  high  speed 
A-O  multipiezer  sysrem.  To  significantly  reduce  the  random 
fluctuations  superirnposed  on  the  periodic  signals  of  interest.  200 
averages  are  used.  A  Fast  Fourier  Transform  (FFT)  algorithm  is 
then  applied  to  these  ensemble  averaged  signals  to  determine  the  firs 
harmonic  component  of  the  unsteady  aerodynamic  forcing  function 
and  the  resuldiig^ioior  blade  surface  first  hannonic  unsteady  pressures 
and  pressure  differences. 


The  unstaady  inlet  flow  field  to  d»  near  row  is  measured  with 

and  flow  angle.  The  velocity  niangle  relations  depi^  in  Figure  I 
ate  then  uaeo  to  determine  the  unsteady  inlet  flow  field  to  the  rotor,  in 

particular,  the  stieamwiae  and  transverse  vehxuy  componems. 

respwtively.  These  are  then  Fourier  decomposed  to 
QCicnnine  the  iitit  haimoiiic  of  the  socamwise  and  oansversc  fost 
components,  u*  and  v*. 

'nKrarious  unsteady  aerodyitamic  gust  mathematical  modeh 

reference  the  gust  generated  airfoil  aerodynamic  responx  to  a 
transverse  gust  at  the  leading  edge  of  the  aufoil.  However,  in  the 
expmnmtt  described  herein,  the  time-variam  dau  are  referent  to 
dx  imtiatkM  of  the  dau  acqidsition  shaft  trigger  puix.  Thus,  for 
consistency  with  the  models,  the  periodic  dau  are  further  analyzed 
and  referenced  to  a  transverw  gust  at  the  leading  edge  of  the  first 
st^rotor  Made.  This  is  accomplished  by  assuming  ihx:  (l)the 
anodynamic  forcing  function  remains  fixed  in  the  statkmvy  reference 
name:  and  (2)  the  forcing  function  does  nor  decay  from  the  routing 
hot-wire  probe  axial  location  u  the  rotor  row  leading  ed|^  plane. 

Two  types  of  unsteady  pressure  dau  were  measured  and 
analyzed.  The  first  type  is  the  acoustic  wave  unsteady  pressure 
generated  by  a  downstream  suior-roior  interaction  and  operation  in 
the  superieaonam  flow  regime  and  measured  by  the  insiramented  first 
sttge  row  row.  These  data  are  referenced  to  the  icmnd  stage  stanr 

vaw  generated  transverse  first  hannonic  gust  as  defined  by  the 

fallowtng  equation. 


Csr 


(4) 


where  Cp^.is  the  acoustic  wave  unsteady  pressure  coefficient,  pv-  is 
the  acoustic  wave  unsxady  pressure,  v*  is  the  second  suge  stator 
vane  w^  gwreued  transverse  gust  first  harmonic  and  is  the 


***  “"»««l);.l*easure  acting  on  the  first 
sure  rotor  row  due  to  the  upstream  IGV  wakes  while  the  IGV  row 

and  first  stage  rotor  iwcnretion  operate  in  either  a  subresonant  ora 
superresonam  flow  environment.  The  rotor  Made  surface  unsteady 
pressure  data,  measured  with  the  embedded  high  lesoonx  pressure 

*?*‘y?*f  ”  the  fim^wmirM^ 

chordwise  disinbution  of  the  unsteady  pressure  coefficient  d  and  the 

diflerenceco^^  Cgp.  There  ate  defined  in 
5  and  are  specified  from  the  Fourier  coefficients  of  the 
cnsctnolc  svcrafcd  djiMnuc  picssunc 


Cap  *  Cp,  pressure  *  Cp_ 


(5) 


where  v*  is  the  harmme  iransverre  gust  component,  V,  is  the  mean 

axial  velocity  and  P  is  the  relative  mean  flow  angle.  The 

normalization  with  P  i$  used  to  correlate  the  effects  of  incidence  angle 
changes  on  unsteady  lift  response  per  the  work  of  Manwaring  and 
Fleeter  1 1990). 

The  final  form  of  the  gust  generated  rotor  Made  row  unsteady 
aerodynamic  dau  define  the  chordwise  distribution  of  the  harmonic 
comples  unsuady  pressure  and  pressure  difference  coefficients.  Also 
included  as  a  reference  where  appropriate  are  predictions  from  the 
transverse  gust  analysis  of  Smith  ( 1972).  This  model  analyzes  the 
unsteady  aerodynamics  generated  on  a  flat  plate  airfoil  cascade  at  zero 
incidence  by  a  tnnsverse  gust  convected  with  an  inviscid.  subsonic, 
compressible  flow. 
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results 

To  mvtsiiiue  nwliisttfe  uial  flow  cooipfeuor  aeoosiic 
iMOOMce  coodinoot.  ■  soriei  of  experineou  we  dliecMd  at 
qoMiifyiog  iheaa  acoesiic  feiooance  aod  sobreioRaRt  and 
im«niinnani  Made  row  inietactioo  ptwoouwaa  in  lenm  of  iheir 
aim  oo  dm  rotor  Unde  row  periodic  uaateady  pfesswc  response. 
Ita  die  Ifaw  stage  rotor  row  pwiodtc  unsteady  pressure  response  10  a 
downaireaiR  stator-rotor  interaction  generwed  acoustic  wave  is 
studied.  Tken,  the  gim  unsteady  aerodynamic  response  of  the  first 
snge  rotor  tow  due  to  IGV  wakes,  with  the  iCV-insouniented  first 
stage  rotor  itself  configured  to  generate  subresonant  and 

iigi  r  fTT  iff**WTii  *'ffl!diti"**ii  f  T 

AeoiHtic  Wave  Generated  Rotor  Row  Rcaponac 

The  first  stage  rotor  blade  tow  unsteady  pressure  response  to 
upstream  propagating  acoustic  waves  generated  by  the  supeticsonant 
interactions  w  a  far  downstream  sutor  and  rotor  tow  is  quantified. 
Va^inp  the  number  of  second  suge  stator  row  vanes  while 
mainuining  the  number  of  third  stage  rotor  blades  enables 
subresonant  and  superresonam  flow  regimes  to  be  established.  In 
particular,  superresonam  flow  regimes  are  established  with  a  second 
stagestatorrow  with3t,  39. 40and4|  vanes  and  a  thiid  suge  rotor 
row  with  43  blades,  while  subresonant  flow  regimes  are  established 
widi  a  second  stage  stator  row  with  36  and  37  vanes  and  a  third  st^ 
rosor  row  of  43  blades.  For  these  coofiguratioos.  the  corresponding 
reduced  ftequeney  values  range  from  4.76  to  5.42  while  inierblade 
ptm  angles  range  from  -Sltr  to  -I6.T.  The  reduced  fleque^  is 
mnumaily  affect  by  this  range  in  the  number  of  vanes  while  the 
inierblade  pham  angle  is  greatly  affected  and,  thus  the  effecu  shovm 
by  variation  in  the  number  of  vanes  corresponds  generally  to 
imetblade  phase  angle  variations. 

To  demoostrau  the  generation  of  an  upstream  traveling 
acoustic  wave.  Figure  2  shows  the  Fourier  deoom|»sitioa  of  a  typical 
first  stage  rotor  blade  surface  unsteady  ptessm  signal  generated  by 
the  hr  downstream  stator  and  rotor  operating  in  a  supenesonant 
stator-rotor  configuration  consisting  of  38  vanes  and  43  blades,  with 
a  Mach  number  of  0.08  at  an  RPM  of  2.250.  This  unsteady  pressure 
measuremem.  located  at  S%  chord  on  the  first  stage  rotor  blade 
aoctian  surfme.  dearly  shows  the  smmg  firequency  coniem  due  to  the 
upsoeam  travefiag  38  per  rev  acoustic  wave,  with  the  amplinide  being 
anptoxiraat^  one-third  that  of  the  36  per  rev  lOV  wake  generated 
nst  harmonic  amplinide. 

Blade  Surface  Steady  ftessures 

A  compressor  operating  coodinon  corresponding  to  die  lowest 
obtainable  first  suge  rotor  blade  steady  loading  level  is  utilized, 
corresponding  roost  closdy  to  the  flat  plate  cascade  model.  For  this 
compressor  configuration,  this  lowest  loading  condition  is  defined  by 
a  firm  snge  rotor  row  mean  incidence  of  appnnimaiely -3  J'.  Hgure 
3  shows  the  chotdwise  distribution  of  the  first  sage  rotor  blade 
surface  steady  pressure  coefficiem  with  the  downstream  staior-iotor 
operating  in  a  superresonant  flow  condition  Kcnerated  by  a 
downstream  configuntion  with  38  stator  vanes  aod  43  roiar  blades. 
The  area  between  the  pressure  and  suction  sorfaoe  steady  pressure 
daais  numerically  integrated  to  detemuned  the  steady  loading  level. 
Figure  3  also  shows  the  negligible  variation  of  steady  loading  when 
the  number  of  downstream  sutor  vanes  is  varied  to  obtain 
subresonant  and  superresonant  flow  conditions.  Therefore  the  blade 
sindy  loading  and  thus  the  surface  steady  pressure  is  unaflTected  by 
the  upstream  propagating  acoustic  wave  genmated  by  downstream 
superresonant  stator-rotor  interaction. 


Boar  Row  FeiiodicUaaasilyInlat  Plow  Raid 

Rgure  4  shows  the  Fourier  deeomposttion  of  the  periodic 
unsteady  inlet  flow  field  entering  the  first  stage  rotor  row  and 
measured  with  the  rMor-baaed  cross  hot-wire  probe  when  the  far 
downsatam  stator  and  rotor  are  ia  a  superresonant  condition  wkh  38 
vanes  and  43  rotors.  The  periodic  unsteady  flow  field,  defined  by  the 
nondimensional  sneamwise  and  transverse  ausi  componems.  shows 
the  sirang  harmonic  coniem  due  to  the  36  IGV  wakes  upstream  of  the 
rotor  row.  However,  frequency  conani  due  to  the  38  per  rev 
superresonant  upstream  propspting  acoustic  wave  is  not  found. 
Three  odier  downstream  ttator-rotor  configurations.  39. 40  and  41 
vanes,  also  give  supenesonant  acoustic  condtuons.  In  all  of  these, 
however,  the  acoustic  wave  it  not  senserl.  Thus,  the  upstream 
propagating  acoustic  wave  does  not  affect  the  IGV  wake  generated 
pfrKvhc  urtsteady  flow  field  entering  the  first  stage  rotor  tr>w. 

Rotor  Row  Unsteady  Pressure  Response 

Figures  5  and  6  show  the  first  stage  rotor  Made  ir>w  pressure 
and  suction  surface  unsteady  pressure  response  to  the  upstream 
propagating  acoustic  wave  gerteraied  by  the  four  superresonam  stator- 
rotor  configurations.  For  each  configuration,  both  the  pressure  and 
suction  surface  show  nearly  constam  unsteady  pressure  magnitude 
and  linear  phase  chotdwise  disoibutions.  with  the  magnitude 
deeming  as  the  number  of  vanes  is  incieasedfram  38  to  41  and  the 
linear  phase  distributions  remainiag  relatively  unaffixted.  The  linear 
chordwise  distribution  of  these  phw  daa  correspond  to  a  convccted 
wave  speed  of  approsimately  320  mfsec.  which  corresponds  to  the 
speed  of  an  upstream  traveling  acoustic  wave.  i.e..  the  speed  of 
sound  minus  the  mean  axial  flow  velocity.  Since  the  pressure  and 
suction  surface  unsteady  pressure  chordwise  distributions  are  nearly 
idemical  in  magnitude  phase,  the  magnitude  of  the  unsteady 
pressure  diflcrence  is  nearly  zero  for  each  of  the  vane  configurations. 
Thus,  the  unsteady  lift  due  to  upstream  propagating  acoustic  waves  is 
miniiiud. 

The  nondimensional  acoustic  wave  unsteady  pressure 
amplitude  as  a  function  of  the  number  of  vanes  is  compared  to  the  flat 
pkire  cascade  prediction  in  Rgure  7.  The  acoustic  wave  ampliuide  is 
Qbained  ftom  the  Made  surface  unsteady  pressure  constam  magnitude 
chotdwise  distributions.  The  prediction  of  the  number  of  vanes  at 
which  resonance  occurs  is  fair.  The  daa  show  that  resonance  occurs 
tt  an  inierblade  phase  angle  generamd  with  between  37  and  38  vanes 
per  stator  row  (a  between  -30.2*  and  -41.8*).  while  the  flat  plate 
cascade  model  predims  the  resonance  to  occur  at  38.4  vanes  ($  equal 
to  -38J*).  However,  there  is  v^  good  trendwise  agreement 
between  the  dau  and  the  prediction,  with  the  magnitude  of  the 
superresonant  acoustic  wave  increasing  as  resonance  is  approached 
and  the  acoustic  wave  greatly  attenuated  in  the  subresonant 
environment. 

IGV  Wake  Generated  Rotor  Row  Response 

The  gust  unsteady  aerodynamic  response  of  a  rotor  tow  due  to 
KjV  wakes,  with  the  iGV-instrumemed  rotor  itself  configured  to 
generate  subresonant  and  superresonant  conditions  is  investigated. 
The  acoustic  conditions  are  achieved  by  varying  the  number  of  IGV's 
and  maintaining  the  number  of  first  st^  tour  blades.  In  particular, 
subresonant  and  superresonant  acoustic  environments  were 
esublished  two  ways:  (I)  by  changing  the  number  of  vanes  while 
maintaining  the  number  of  rotor  bUd^  thereby  altering  the  unsteady 
stator-rotor  interactions  and  the  imerblade  phase  angle  and  (2)  by 
varying  the  Mach  number  without  changing  the  blade  row 
uneractions. 
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SiihnMMM  flaw  lagiaiM  m  MaMialMd  for  m  IOV  row 
witii  3S.  M  aotf  37  VMM  aid  a  Aim  ngo  mar  row  widi  43  Mata. 
wMia  niparwioaMi  flow  ngtam  mail  widi  iOV  rows  with  31. 39 
Mil  41  vaaos  Md  a  Am  nage  ronr  raw  with  43  Mata.  For  ttaa 
Goafliurotaia.  liie  correinoadiag  ladaced  ftaqaaBciei  raogc  frooi 
4.63  M>  3.42  aag  ilw  iiwawlaiie  ptao  aagks  rMge  fnai  <67.0*  lo 
•16.7*.  The  lataed  flaqoeaqr  ia  ataaially  aCftcied  by  iMs  iiagc  in 
the  naaiber  of  vanes  while  the  iaietMade  pim  eagle  it  p^y 
afrecied  and.  that,  the  effectt  shown  by  vaiiatai  in  the  nwnbcr  of 
vanes  oanespondt  generally  ID  imeiMade  phase  angle  variaiioas. 


Blade  Surface  Steady  Pressum 

Similar  to  the  procedure  described  previously,  the  Made 
surface  steady  pressure  coeffleient  dau  deflne  the  steady  loading 
acting  on  the  first  stage  rotor  Made.  Figure  8  shows  the  negligible 
effect  on  the  Made  steady  loading  u  the  number  of  IG  Vs  is  varied  to 
achieve  subresonani  and  superresonam  flow  conditions.  This  again 
demonstrates  that  the  rotor  Made  steadjr  loading  and.  thus  the  bMde 
surface  steady  pressure  distribution  is  unaffected  by  blade  row 
operation  near  an  acoustic  resoiHUU  flow  condiiion. 

Rotor  Row  Unsteady  Inlet  Flow  Reid 

The  Fourier  decomposition  of  the  soeamwise  and  transverse 
gust  velocities  measured  by  the  rmor*based  cross  hot-wire  probe  and 
generated  by  the  38  IGV's  upstream  of  the  first  sage  rotor  row 
shows  a  dormant  38  pm-rev  eacitatioa  fundainemal  harmonic  with 
smaller  higher  harmonics.  Figure  9  shows  that  the  variation  in  the 
amplitudes  of  the  transverse  awl  streamwise  harmonic  gust 
cotHoonentt  with  the  number  of  IG  Vs  is  minimal.  However,  as  the 
nunmer  of  IGVs  is  increased  fom  33  to  41.  the  rotor  Made  row  goes 
through  an  acoustic  resonance  condition  as  will  be  shown.  Thus,  the 
periodic  unsteady  inlet  flow  field  to  a  rotor  row  which  is  itself 
operating  in  eithw  a  subiesonaat  or  superresoruuit  ooodititHi  is  not 
aflecied  by  the  aoousne  environmeaL 


Unsteady  lift  Response 

The  unsteady  lift  ooefliciew  daa  ate  obtained  by  utiliziag  the 
oapeaoitlal  rule  to  numerically  iniegiate  the  chordwisedisaibutioos  of 
the  unsteady  nressum  dUfestmee  data,  with  the  unsteady  pressure 
difference  at  the  Made  leading  and  traiUng  edge  assumed  to  be  neto. 
per  inviscid  models.  Hgnm  10.  shows  the  comparison  between  tbe 
daa  and  the  flat  jtlate  cascade  prediction  of  the  complex  unsteady  lift 
coefficient  as  a  function  of  die  number  of  vanes.  As  shown  eartier. 
the  flat  pime  model  prediction  of  the  resonance  tocation  is  fidriy  good. 
The  daa  indicaa  a  resonance  at  an  interMade  phase  value  between 
•30.2*  and  -41.8*  generated  with  between  37  and  38  vana  while  the 
model  predica  resonance  at  an  interMade  phase  angle  of  -38.3* 
corresponding  to  38.4  vanes.  In  the  subresonam  flow  regime,  the 
prediction  of  the  unsteady  lift  rtogniiade  is  good,  with  tbe  daa 
and  the  prediciion  both  increasing  in  magnitude  as  the  number  of 
vanes  is  increased  and  the  resonance  is  approached.  Also,  these 
magninide  daa  and  the  prediction  would  be  ntaly  identical  in  value  if 
the  prediciion  of  the  number  of  vanes  for  resonance  was  in  exact 
agrtaneni  with  the  daa.  In  the  superresonant  flow  regime,  the 
magninidepietficta  and  daa  have  oompatable  values.  However,  the 
prediction  cxhiMa  opposia  trends  with  the  number  of  vanes  and 
inierblade  phase  angle  than  does  the  data,  with  the  magnitude 
prediction  decreasing  and  the  daa  increasiag  as  nutidier  of  vanes  is 
decreased  and  the  inierblade  phase  angle  approaches  toward  the 
resonance  value. 


differs  greatly  ftom  the  dau  la  both  the  sttEmmum  and 
sopenesenawWewwgina,  ThapredleiadphaMdaemaaHsiighily  as 
dw  number  of  vanm  is  increased,  with  a  sita  <Rereaae  in  phm  near 
theresoMHitcantaon.  However,  the  daw  show  an  increase  in  phase 
u  the  number  of  vanes  is  increased,  with  no  sharp  decrease  near  the 
resonance  conditian.  Also,  the  predicted  phau  is  generally  90*  to 
130*  greater  dun  the  data. 

Unsteady  Rcssure  Oifftrence 

Figure  1 1  shows  the  complex  unsteady  pressure  difference 
coefficient  data  for  the  three  subtesonant  flow  condition 
configurations  generated  with  33. 36.  and  37  IGVs,  while  Figure  12 
shows  the  analogous  daa  for  the  three  superresonam  flow  condition 
configuratioas  with  38. 39  and  41  IGVs.  Tbe  chordwtse  varianont 
of  the  n^ninide  daa  for  both  near  tesonui  flow  condiiions  are 
almost  idemicai.  with  the  magnitude  geneialiv  decteasinc  with 
increasing  chord  except  in  the  quarter  a^  aft  chord,  in  the  region 
about  the  quarter  chord,  the  daa  show  a  laige  decreased  m^nttude 
whereas  in  the  aft  chord  the  daa  show  aa  increased  magnitude.  In 
accordance  with  the  previously  preserued  unsteady  lift  magnitude 
vnids.  the  magnitude  dau  increase  with  m  increasing  number  of 
vanes  and  m  increasing  interblade  phase  angle  in  die  subresonam 
environment  and  decrease  with  an  increasing  number  of  vanes  and 
interMade  phase  angle  in  the  supenesonamenviroonient. 

The  complex  unsteady  pressure  difietence  coefficieni  phase 
daa  also  show  nearly  identita  chordwise  trends,  with  the  dau 
generally  increasing  an  increase  in  the  number  of  vanes  and  the 
uuerMade  phase  umR.  Tbe  exceptions  are  once  again  in  the  quarter 
chord  and  ^  Made  regions.  At  quarter  chord,  the  Imge  decrease  in  the 
phase  dau  dimialshes  as  the  acoustic  resonance  condition  it 
approached  for  both  the  subresonam  and  superresonam 
environmena.  In  the  aft  Made,  the  phase  daa  decree,  with  the 
decrease  becoming  increasingiy  sharp  as  the  number  of  vanes  and 
interMade  phase  ai^  ate  increased. 

Pressure  Surface  Unsteady  Pressures 

Rgures  13  and  14  show  the  first  su|e  rotor  tow  pressure 
sutface  IGV  wake  generated  first  harmonic  unsteady  pressure 
response  in  the  subrMonam  and  superresonam  flow  regiines.  The 
treta  of  the  magnitude  dau  with  chordwise  position  are  nearly 
identical  for  both  flow  environmems.  with  a  generally  decreasing 
magnitude  with  increasing  chord  distribution  except  for  a  large 
deoeate  in  magnitude  m  quarter  chord.  The  pressure  surface 
magnitude  dau  cxhiMt  the  same  variation  with  the  number  of  vanes 
and  interMade  phase  angle  as  did  the  unsteady  lift  and  unsteady 
pressure  difference  magnitude  data.  i.e.,  the  magnitude  dau  increase 
m  both  the  subresonani  and  supenesotiam  environmem  as  the  number 
of  vanes  and  imerblade  phase  angle  approach  their  resonant  values. 

The  unsteady  pressure  phase  daa  are  relatively  unaffected  by 
die  number  of  vanes  ami  the  interMade  phase  angle  in  the  subresonani 
enviroruneni  but  show  large  effects  in  the  superresonam  enviionmenL 
As  the  number  of  vanes  increases  from  33  to  37  in  the  subresonam 
region,  the  phase  dau  decrease  slightly  with  increasing  chord  except 
near  the  quarter  chord  where  these  dau  are  increased  in  value.  Inthe 
superresonam  environment,  while  the  chordwise  netids  sail  remain 
icbuively  unaffected  by  the  number  of  vanes,  the  phase  daa  genenlly 
increase  with  an  increase  in  the  number  of  vanes  and  imerMta  phase 
angle.  The  exception  again  is  in  the  quaner  chord  region,  where  the 
decrease  in  phase  becomes  larger  as  the  number  of  vanes  and  the 
inierblade  phase  angle  decreases  in  the  subtesonant  environment  and 
increases  in  the  supenesotiam  environment. 

Suction  Surface  Unsteady  Pressures 

The  first  sage  rotor  Made  suction  surface  IGV  wake  generated 
fint  harmonic  unsttay  pressure  response  is  shown  in  Figures  IS  and 
16  for  the  subresonam  and  supenesotiam  conditions.  Once  again,  the 
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Hw  auGiiM  surface  ptom  d*ia  are  *lfecied  by  the  number  of 
vanes  aad  toKridade  phase  aagle  to  toe  subeeaonaai  envifonmem  as 
«wll  as  to  dw  supenesonaai  environenem.  to  coatrasi  lo  toe 
eeaieapoadtogpeesauR  surface  data.  The  suetton  surface  phase  dau 
chufdwise  auads  are  nearly  idendGal  for  both  the  aubreannant  and 
supenesonant  coadtitoas,  with  the  phase  dam  remaining  generally 
canstam  along  die  chord  except  in  die  aft  chord  region  where  there  is 
a  decrease.  As  the  number  «  vanes  and  inteibi^  phase  angle  is 
increased,  the  phase  dato  increase,  with  the  decrease  in  the  aft  chord 
legion  becoming  larger. 

Mach  Number  Effects 

In  the  previous  sectioa.  the  gust  unsteady  aerodynamic 
response  of  a  rotor  row  due  to  (GV  wakes,  with  the  IGV- 
tosmimenied  rotor  itself  configured  to  generaie  subresonant  and 
supeireronant  cotutoioos.  was  tovesdgased.  This  was  accomplished 
by  varying  the  number  of  lOVs  while  maintaining  a  coostam  number 
or  rowr  blades  and  .  thus,  varying  the  reduced  frequency  and  the 
iaierblade  phase  an^  to  addition  to  the  reduced  frequency  and 
inscrbladc  phase  anf^  the  Mach  number  is  also  a  key  panmeier  for 
acousdc  resonance.  Equation  1.  Therefore  the  emet  of  Mach 
number  on  the  acoustic  environment  of  the  first  stage  rotor  row 
periodic  unsteady  aerodynamic  response  is  also  experunenially 
investigaied.  This  is  aocomplislm  by  first  configuring  toe 
compressor  such  that  it  opetaies  in  toe  subresonant  flm  regime 
nearest  to  the  resonance.  Le.,  with  37  lev's  and  43  first  stage  rotor 
Uades.  The  Mach  number  is  then  varied  while  maintaining  the 
reduced  fremmey  consiam  by  changing  the  rotor  speed  aad  thus  the 
flow  throu^  the  compressor.  Note  that  in  these  experiments  the 

MBibiMiC  WglC  hf  f;y^togtt  at  •50v2*  SS  lIlC  fWfUbff 

of  IGV's  and  first  stage  rotor  blades  are  fixed  at  37  and  43 
lespectively.  Four  Mach  numbers  ate  oonsideted.  with  three  0.072. 
OSin  and  0.001.  icsuldng  in  subresonam  flow  conditions  and  one, 
0iM5  resulting  in  a  supenesonam  flow  oondiiiao. 

Figure  17  shows  the  comparison  of  the  oorhplex  unsteady  lift 
coefficient  data  and  flat  plate  cascade  prediction  as  a  fuactioo  of  the 
Machnumber.  The  prediction  and  data  cortelaiiao  results  are  similar 
to  toe  previous  results.  Namely,  the  prediction  of  the  Mach  number 
where  resonance  occurs.  0.10S.  is  only  in  fair  agreement  with  the 
data,  which  shows  the  resonance  betu^  Mddi  number  values  of 
OfMl  aiid0.08S.  Also,  to  the  subresonant  flow  r^ftne,  the  unsteady 
lift  magaimde  data  and  prediction  are  in  good  apeement.  with  both 
having  approximately  the  same  values  and  tocteastog  with  increasing 
Machnumber.  For  toe  supenesonant  flow  cowlidoit.  the  magnitude 
data  and  corresponding  unsteady  lift  predktirm  show  only  fair 
agreement,  with  a  large*  decrease  in  both  as  compared  to  the 
subtesonam  values.  Ohm  again,  toe  phase  predictioo  exhibiis  very 
poor  correlation  with  the  datt.  The  prediction  is  rdadvdy  constant 
with  Mach  nurrte  except  near  the  resonance  oonditian.  However, 
toe  phase  data  increase  at  the  Mach  number  is  increased,  with  no 
todkadon  of  the  large  phase  variation  neer  the  resonance  cordon  u 
shown  by  the  piediciion.  Also,  the  predicted  phase  is  greater  than  the 
dam  by  approximately  90*. 


cooffideni  4m  chorduds*  dtedbudrwrT^MMhtMonaai  and 
tupertesonaai  flow  ragtataa.  Both  the  ntagnhude  and  phase  riato 
emnds  are  unaffccied  by  to*  acomtie  envitannieiii,  with  three  nendt 
also  corwHmnding  to  too**  previoualyiriund  by  varying  the  number 
of  vanes  and  Intarbladephree  angle.  The  magnitude  data  follow  the 
near  resonant  trends  of  to*  unsteady  llfi  data.  i.e..  the  unsteady 
pressure  diffiareace  magniiude  dare  increase  with  increasing  Mach 
number  in  the  subtesonam  r^ime  aad  are  greatly  reduced  to  the 
tuperresonam  regime.  Also,  as  toe  Mach  number  u  iacieaaed.  toe 
phase  data  values  ate  tocteaaed  except  to  the  quaner-chord  region  to 
the  supenesonant  environment,  where  the  decrease  in  phree  becomes 

larger. 


Figures  19  and  20  show  the  effect  of  subresonant  and 
supenesonant  environments  on  the  roior  blade  pressure  and  suction 
surface  KjV  wake  first  harmonic  unsteady  pressure  response.  Once 
again,  the  ircnds  of  the  data  m^nitude  and  phase  are  relatively 
unaffected  by  the  acoustic  enviroomenL  The  exception  is  the 
unsteady  pressure  magnitude  response  to  the  from  and  aft  suction 
surface  to  the  supenesonam  environmem  with  Mach  number  0.083, 
where  the  magnitude  is  gready  decreased.  The  magnitude  data  follow 
the  trends  previously  shown  by  the  unsteady  pressure  difference  dau 
.  with  the  magnitude  increasing  as  the  resonance  is  approached  from 
the  subresonant  regtoK  arul  rerluoed  sharply  in  toe  superresonant 
^ime.  As  toe  Mach  number  is  increa^  the  phase  <t««  also 
increase  to  value,  with  the  suction  surface  dau  increasing  at  a  slightly 
peaser  rare  than  the  pressure  surfrKe  data. 

SUMMARY  AND  CONCLUSIONS 


A  senes  of  experimetus  have  been  performed  to  investigaie 
muldsuge  axial  flow  compressor  acoustic  resonance  conditions, 
including  both  subresonant  and  sunerresonant  unsteady  aetoriynamic 
response  to  the  immediate  vicinity  of  an  acousdc  resonance.  In 

pnnicular.  these  experimems  quantified  these  acousdc  resonance  and 

subresonant  and  supenesonant  blade  row  interaction  ptwjiQUMqt  » 

imsM  their  effect  on  the  rotor  bbule  tow  periodic  unsteady  pressure 

resptmse.  Subresonant  aad  supenesonant  acousdc  environmenu 
were  established  by  changing  the  number  of  vanes  while  maintaining 
thenutnber  of  tmor  Wades,  thereby  altering  die  unneruty  siaior*roii]r 
*•*  toterW^  phiiae  angle  and  by  varying  the  Mach 
mimbw  without  changing  the  Ma^  row  toteraTOmf.  Htstthefim 

Mtor^otor  immedon  generated  acoustic  wave  was  studied.  Then. 

^  guttjmtea^aeraiynaMic  response  of  the  first  stage  nitnrS 

***1®  ^  wak»  wuh  the  lGV>instnmicaied  fiw  smT rotor  itself 

SSriSSS®  supenesonam  conditions  was 

Results  of  these  expenmeau  are  summarized  in  the 

Acousdc  Wave  Unsteady  fVessure  Response 

•  3?**  f^**^??***  suction  surfaces  have  the  same  constant 
magnitude  and  luiear  phase  variation  chordwia- 

•  T{*  P««dictk»^  toe  number  of  vanes  and  the  interblade  phase 

angle  at  which  acousne  resonance  occurs  is  fair,  with  the 
grodicnoo  and  dau  differing  by  approximately  one  vane  ^ 

•  ■niere  «  very  good  irendwise  agreement  between  the  acoustic 

wave  unsteady  pressure  prediction  and  data,  witotoe 
supenesotant  en^ronment  magninide  increasing  as  resonance 
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IGV  Wtte  0««efMrt  Itoior  Row  IteipoMe  Nw  IU*oi^ 

•  The  comlaiion  of  the  unsieady  lift  coefncieai  dau  wuh  ihc 
pradkiioM  was  vciy  |oad  in  ihe  sntacaonani  flow  icgime.  with 
the  comiaikM  of  mia  dau  in  ike  Mpetmonani  flow  refine 
only  fair.  In  both  aoouiiic  enviramnenu.  Ike  coneianon  of  the 
ptiM  dau  weie  poor,  both  in  value  and  Bend. 

•  The«ibiesonaniandsupefit*onaniacou*dcenviioninenisrfe« 

Ike  nnor  blade  surface  unsieady  piessuic  difference  mcniuMk 
and  phase  dau,  wiih  ihe  nugiuiude  dau  incieasing  as  ihe 
resonance  condilion  is  approadicd  from  either  the  subresonant 
or  supctiesonani  flow  ic^mes. 

•  On  Ike  individual  itNor  blade  suction  and  pressure  surface.  Ihe 

Kj  V  wake  unsteady  pressure  magnitude  dau  uicrease 

in  value  as  the  acoustic  resonance  condition  is  approached  form 
either  ihe  subresonam  or  superresonani  flow  regimes,  reflecong 

Ike  unsieady  lift  and  unsieady  pressure  difference  results.  Also, 

die  corresponding  phase  dau  increase  in  value  as  die  acoustic 
resonance  is  approached  from  die  subresonam  flow  regime. 
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Figure  I .  IGV  wake  generated  rotor  periodic  unsteady  velocity 
components 
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Rtwe  2.  Courier  dcoompotiiion  of  S%  sucikm  surface  chord 
unsteady  peesauic  signal 
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Figufe4.  FFT  of  near  acoustic  resonance  rotor  periodic  unsteady 
flow 
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Hguie  3.  Blade  surface  steady  pressures  and  downsacam 
generated  acoustic  wave  eflea  on  rotor  steady  loading 
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Hgive  19.  NcirresoiMni  Mach  nunaber  effect  OB 
uasKidy  tespoBse 
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APPENDIX  Vn 


Compressor  Unsteady  Aerodynamic  Response  to  Rotating  Stall  and  Surge  Excitations 

AIAA  Paper  93-2087,  June  1993 
(also  AIAA  Journal  for  Propidsion  and  Power,  in  press) 
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Urn  mt  two  JliidyMittgei  Mtociind  vitk  a 


Coffynght  1993  by  Kla  and  Havtar.  Publlabad 
by  tba  taarlcan  Instituta  of  Aaronaatlcs  and 
Astronautics,  tnc.  with  panrisslon. 
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MMiearfy  MfodyMoieicapQneoftfM  1*  mfe  loiar  Male  row 
M  the  varioos  rowtef  mil  aad  nc|e  iambUky  cirimkwi 
■amady  ■roodyaHke  NRiag  fbaokaa. 


Siall  A  Smrwm  CkmrmtttfiaUem 


by  die  vatae  af  dro  B  parammrdcte^la  Bgroina  1.  liisibe 

oHaodrilfmaad  dLoaoiaa  wbedMTdM  iambffity  node  of 
a  cenpnaNr  is  roiadag  mtt  or  aaqe.  QrokarotOl^B  is 


be  rowiat  stall,  widi  0  nrie  imibiBiy  node  feoad  far  B 
valaes  taffsr  tfeaa  Bedded*  Whaa  dw  aalaa  of  B  isbetwoea 


TIds  bas  ibo  bask  I 


s  a  asoalled  sane  lasHbOiiy. 
I  of  a  aarfs  qm*  ia  dm  tbe 


staU  persists  tbrooghoat  tbe  satfe  cycle,  dofiag  both  the 
bdewdawa  aad  tba  recovery  pbiM  Uadi  roeeady.  this 
hutabaity  flaw ngimB had aoi  bamracetaiaed  as  a aepim 
flat  tagfaM  wmL  bnae.  bed  heea  aiifiiieiwt  Hk 
flew  cbaracseristics  of  tUs  tiaasitioaal  flow  rogiroe  wero 
axperiroeatally  swdied  tqr  Past  [<].  with  the  poat*stall 
imfam^  “ 


ipU'A. 

pstULiAc 


(1) 


whero  a  is  the  speed  of  sooad.  U  deaesw  the  maispan  rotor 
speed.  Vp  is  the  cowpresser  voiane.  !<  the  oqaivalent 
cnmpnissBrleagdiaadAcistheeqaivaleatcoBipressQrswa. 

RFJtFARrH  miiPWIWSOR 

These  caperiaieats  ate  peifaraMd  ia  the  Pordae  Axial 
Flow  Research  Conprossor  which  is  osieasivcly  lasttaateased 
arith  cross  hat*anse  probes,  steady  aad  pia  stare 

a  beUawoth  iaiet.  the  test  sacdoa.  a  hoaoycoaBb  flow 
maiifaener  secdeii.  a  veaaai  flaw  nmsr.  a  pfaaaaA  aad  a 
dirottlfi  pfaae.  The  axial  velocity  tbroagh  this  daee  stage  low 

l—nl  I  Rl«)  Bpeli 

kavlu  X  faiddfcM  aafaU  prafBe,  with  the  fim  stage  roiar  iaiet 
flowfieid  f  stabHibed  by  sa  hdet  gaide  vaaa  (iOV)  row  of  36 
abfails.  The  coHipresior  pleauHi  consists  of  two  seedeas.  first 

nmn  pifiiHiin  wcmin  wMcn  combm  •  novsns  lo 
pBMfttC  dUnBCCBt  CWHWC'IIOI'  YOilMHCT  Mid  dm 
MMnWl^r  iBodBSv  iiM  dmds  piMB  is  flmorivd  widi  ft 
SMMdcoiicrol.  The  owftH  cMPpitSiBre  coiMtSMr  voiyHieSe 
Md  MU  cfaMmaWcs  Me  defined  hi  TMb  1. 


INSTRUMENTATION 


The  iastablMty  flow 
I  Usaenr  of  the ' 


is  the  pie 


ate  ehatacterized  by  the 
axial  velocity  u  well  at  the 

“  Vf/U  md 
Ap/pU^,  where  Ap 


hdet  flowfieid  geaeiatiag  the 


piabes.  Revem  flows,  if  they 
exist,  an  ■aataied  edrii  two  cross  hot-whe  prob^  each 
oriasaad  dUfawady.  The  two  paobe  oiirntaiions.  showa  ia 
Plgon  1  at  thUr  V  iaeidoaea  ^doas.  pte^  flow 
saeasaraaMR  capability  of -dOr  to  fFhidtoiro  to  fae  rosor 
bfade.  Tha  fim  esaas  hot  who  probe  acomteiyiataiiRti  flow 
>  440r  of  iaddeace.  whhihe  second 
t-rto-tTrof 
I  hotwha  pashes  ac  both  located  oa  the 
.aaearo  aad  69%  Made  spaesag  fton 
a  ram  blade.  Both  cross  hot-whe  psobes  ate  caUbnsed  for 
velocitlas  fleas  9.14  m/i  (90  ftfl)  to  51.8  nfl  (170  ftfl)  and 

sSoStyT^Seflowa^^  *  ^  ""‘dooma^  ^ 

9%aad±lB^.  Oaaatfjgii  load^  eficcu  oa  the  rotating  hoi-- 

'  t  lesponses  were  Ibond  to  be 


Ecaaflosc 


Made  nidspaa  surface  unsteady 
whh  12  uhra-iniaiaaBe.  Ugh  response 
ia  the  rom  blades.  The  choidwite 

ia 


I  tbe  two 
To 

faeinaMUtyofthB 


the 

a  reverte  anuadag  tedunqoe  is 
of  oae  Made  aad  the  sactioj 


Itothe 

The  eiBbedded  dyaamic 
lamically  calttmed.  The 
stadc  calibiadons  show  good  Uaeaiity  and  no  discereiMe 
hysseresis.  The  dyaaaaic  calibradons  deaxinsiiaie  that  the 
hoqoency  laspoase.  in  senas  of  gala  stRanaden  and  phase  shift, 
are  not  afiieaed  by  the  reverse  inoundng  techaqne.  The 
■exhanm  enor  ia  gabi  and  phase  angle  wen  desenamed  to  be 
OidOdB  aad  1 respectively. 
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Digitil  dua  aeqiMirioii  is  iaidaied  by  n  mmIoc  irigter 
itaMi  ftoM  a  dagls  oricnpiWM  Mpncam  or  ihe  fim  tosor  row. 
owh  dtt  olicer  aai  lo  capoHC  the  oocwnace  of  loiatiM 


«Mli  te  oliter  imcl  SOI  to  capoHC  the  oocwioKe  or  ntating 
Stan  or  aasfB  wWlo  tka  dwaok  is  wary  thotriy  doaed.  The 
aoiMidy  flswfleU,  ifea  blade  aarfaoa  an  weedy  peessaici.  aad 


re  oaasdaoers.  aad  a  Seaatvalve 
dvaty  aad  ihea  dititiaed.  Fi^ 
bom  it  pw-mMer.  addi  dw 


is  aaMoadcallr 

fbusu**  ^u!j\S5!?^iIu  luSiSuM 

U.. dw reser aad WV ^iade paSatflogHsaeiei. 

14  Uls  lespeedvaly. 

Before  aaalyais.  all  aaaieady  data  aie  fiherad  SB  itaove 
hMAeqoaaeyaoiaB.  1hehoi*«dredaiaarBloarpastfiherBdM 
Iw  He  osiag  a  Banaewawh  fflier  of  oader  10.  icealiiag  ia  a 
taspeaa  pteie  1^  of  agipwwlatslji  04  le^adww.  The 
aaoHa^  ptetsare  lesaoaae  data  ere  baadpess  fitand  fioai04 
HialOOHsatiaaaBaaarewidibtsidmerarorderT.  Slaoe 
*e  sigBab  aear  dw  low  fteqaeaey  Boat  are  of 
baereat,  ndahnal  low  fteqaeacy  daa  dbaadoa  is  (Meatale. 


faacdoos  geaendag  the  aasieedy 


flowecaabeapsoUeaL  Also,  the  aaaahw  flow  is  both  daw  aad 
gawiially  vsiiaat.  Oieteraad Day (541  ewdded tberww 

coaiBBie dw  flow ceelBcieat.  wMithe BWM flow deienaiaed 


wiTBjroto  wTsdibirtloMiiiiarrS  ihei^ 

areidfag  dw  levofse  flow  tBeasaHsaewe  probleBi.  Tworooaiug 
crass  hot'Wire  psabes,  moaaisd  with  differsai  orieaiadoai, 
caaUe  flows  with  ap  a>  160*  ia  flow  eagle  vaiiedoa  »  be 
aseasaied.  Thas.  the  uwataied  raladve  veloctcy  is  always 
pealdve,  wMi  eeverse  flow  dctcirai^  ftoai  ihe  flow  aa^ 

crass  hot-wire  probes  are  set  taeh  that  levcne  flows  »  40*  caa 


the  roair  blade  row  aasteady  eerodyaaasb  respease  it 
chaiBwefiad  by  dw  flactaadag  velocity  ai  dw  saesrawise  aad 
ite  aaaewne  dsracdeiis .  htaenicolar.  thefinthaiaaoaicof  dw 
flacawdag  vdodqr  is  aaelysad.  whhdw  ftoqaeaey  of  haerest 
bchwdwratBdagsaBfieqBeacyordwsafgefteneacy.  Siace 
itaadag  stall  aadawae  STB  aeasieat  phcBoawaa,  dw  Bwaa  flow 
is  a  hxelieed  Bwea.  te  avenge  vdociqr  dotiag  a  dagle  cycle  of 
lotBiiag  stall  or  a  shigle  cycle  of  stage,  la  the  prrwaiaiina  of  the 


eoson  oaly  2-3  earge  q>ciea.^  Ifcaer,  the  average  oa  a 
sfagfe  aaecaealvo  targe  cycle  is  aenotawd  every  few  pains 
The  hat  wira  data  ptevida  the  laeteateaenas  rotor  relative 

vdoeity  W  sad  dw  toter  reiedve  flow  aagk  P  flora  whkh  the 
■aaa  ^  flacawdag  flow  flelds  are  detnadiwd.  Thefotciag 
Aawdea,  defiaed  by  the  fbit  hanaoaics  of  dw  sacaaiwiae  aad 
Biasveraegastvehicities.  B*' aad  V*.  ate  dewnaiaed  flora  dwu 
aad  V  goat  velocity  eoiopatwats.  where  a  aad  v  are  the 
aoiiarawiae  aad  teaasverae  goat  corapoaens  W  deaotes  the 


rteladve  vdocity  aad  P  deaows  dw  kwaiiaed 


urn  W-W  COmfi-f) 
va  w 


Tkaaskat  blade  row  aaawady  presswe  respoase  data  are 
aecessny  at  the  fleqacadcs  of  iaicrest  Heace,  a  Foorier 
aadysisttpcrfornwdiBtracIcdwdevciopiiieatof  dwiraasien 
eveat  ia  the  fleqaeam  «*"«»■**»  aad  thereby  the 

fleqaeacy  cm  tern  However,  whea  appropnaw  fleqaeacy 
leaoiadoa  is  achieved,  daw  readadm  bccoraes  a  probfen, 
paidcdaiiy  if  de  sarapUag  fleqaeacy  is  bigh.  Ataseawliag 
spaed  of  SjOOO  He.  choaaa  ta  mid  eliasiag  of  the  rotor  bade 


ta  avoid  aliasiag  of  the 


To  avoid  these  fleqaeacy-dnw  resoludm  trade-off 
as.  aa  alMnadve  owdwd  b  aaed.  Hiat.  dw  iaqwtiam 
wks  ia  the  oaatwat  hbiery  of  stall  aad  sarge  are 
led  In  prnrrwiag  dw  data  with  the  Gabor  Spectrogram 


llaiiiaiims  of  the  Short  Tfaae  Foorier  Traasfam  (STFT) 
apectragiara  by  osiag  two  ehiBeatal  wchaigacs.  the  Gabor 
Baadbra  aad  dw  Feeado  hfl^Ville  Dbtriboiiaa  (PWVD). 
Ihea.  a  Discrete  Foorier  Inaafom  (DFT)  b  applied  to 
saccessive  cycles  of  dan  whoee  period  cerieapuadt  to  the 
ftaqucacy  of  iattaril.  ag.  de  letaoag  snil  fleqaeacy.  aad  dw 
fltathaaaraabaaalyeed.  Slaee.thBaaBdcrofpoiatsraasiagie 
cycte  of  data  at  the  letadag  trail  fleqaeacy  b  smaller  thaadwt 
aeoessary  for  a  Fast  Foraier  Twufbim  (FFT).  the  daw 
iBseiatiBB  b  algaiflcaatly  jawroved  whh  dds  nwifaod.  Ooe 
ptobte  b  dai  taakagacnor  b  wtradaced  if  the  fleqaeocy  of  dw 
amabat  ohaaaaaeaa  chaaace.  caashu  dw  oeriod  of  daw  ^Ocitti 
ftsrdeWnobebectiectfartefraqocacy.  AatadyofDFT 
Irahagr  showed  that  far  less  dwa  20%  vatiaiim  m  fleqaeacy. 
dw  rrtaltiag  enots  ia  raagahadr  aad  phase  ate  less  thaa  10% 
aad  ^  tespeoively.  Fostaaaiely.  the  taaxhaam  roiatiag  stall 
fleqaeB^vaaiadoab26%iadcaeeipcriBwais.aadthcrefinte. 

dose  to  10%  aad  40*.  Afiho^  these  enots  ate  larger  dwa 
derirable.  it  b  coasiderBd  to  be  a  trardy  trade-off  for  dw 


trardy  gadji-off  for  dw 


IheaaaaeadyaetodyBaawrespooaeaf  dw  1**  stage  laur 
blade  row  to  the  varioas  iastabilities  are  qaeadfied  by  the 
aaswady  lift,  de  iawgral  of  dw  aasteady  difleieadal  ptessare 
across  dw  lotor  blade.  To  eoaqnra  dds.  the  voltages  flam  dw 
presiaie  aad  saedm  saribce  Baaadacets  are  first  bead  pass 
filtered  flora  04  Hx  to  100  He  to  eliiniaaw  high  ftequeacy 
Boise.  Ihea  the  fitst  haraaade  of  the  aasteady  pressures  are 
aoalyndbydwIHTaBaiyab.  Now  that  siace  a  tUmeasioaless 
ehordwbe  kwaiim  b  used  as  dw  variable  of  iategradm.  dw 
aasteady  lift  nwniaide  b  per  Made  area  aad  thus  has 
dhnBBsioasefpsL  The  uaweady  lift  phase  provides  daw 


rriym’ii  iinifciiii  nm 
^iii%  iiiiiili>iU| 

f**V*  tMiYiji'iAMn  iiii,*iiflj>»iil  iJi'Obim 


Hmm.  dM 


Ftoy  «d  PtMOM  11)  nM  fkw 
IneM  bjr  «B  bMB  vttmioB 
>.i»dw  wdhitBWiiiiftwaiai.  Ike 
n  dM  Uiie  aBen  level,  «Mi  dw 


AoNBeef  « iL  [12431 4 

dUnddMAFaBkedaei 


itheakfaifbjriheflawlWddBRBgB 
k  dM  vmfc  doM  bjr  dw  lift  feeee  ia  dK 


ki  tkia  BMljrats  kNlade  ipiii  weedy  Hew.  ee  neehe 
ilBmiiee  hBrnirir  leirr-^  i  ‘j  ■  - ' - T 

Mri swell pewekadeeeiefeiviieeedvdpciiy.  Adeailed 
BBBBiafyiif  dwAFwedndispnvididieiefBeeBe  IS. 

-  BBCg^gl-SCg-rtccwflrviy)  Ve^»v^* 

"  eotir-h-^-rmr-P)  ^ 

wkeief  itdBncaevDiariekaivefkmaefle.  S  isdMi 


10  ;•] 


eieteilSiadB  row  leipoeie.  Le..  dw  wwer 
eidy  pwueie  eed  eesieady  Hft  keraiaaic 
Base  derieg  iestsMlity  ieci^tioe  eed 
level  4ir  Ike  eeneadjr  lespoeae.  eed  tke 


•  1  r .  1  P  V  u  V  r .  1  i  i  R  I  H  A  ( I  j  i ;  >^1 


MriSacaE 


■wneMMewr 


T''  I’ Vi  Is 


phew  cd  Ike 
m  V  mo 


*13!! 

eqBle 


ikeedB  wage  cycle  to 


Is  cos 
mil  qatokly 
Bkawerdw 


aege  cycle  ie  wkiek  dB  fotedag 
I  die  lecovciy  or  ike  ckarging 
Mg  Bell  penim  daoagkoBt  Ike 
ig  of  Ike  aen  aege  Ike 


sfSsysiff! 

peesaBe.  ngase  2k.  Tke 


aaer  aUe  ID  icdaige  is  pRssiee  to 
aaig  ealy  60%  at  dM  dbekarged 
ceaycMor  kckevior  dariag  ike 
ige  qrde  to  aoBk  Idle  Ike  fine  dto 
aad  dM  sadI  oefl  npidfy  BomiM 

5  IS  letoe  icvoledoas.  However, 
*e  aecead  ange  cycle,  raiadag 


le  to  oaly  aUe  to  leeover  abow  40%  of  Ike 
id  pnaaBe.  Abo,  dae  to  tke  iacieaied 
lag  SMil  over  dM  secoad  targe  cycle,  ike 
m aaale w aa cgeiltoriem valae.  Afterike 


Ll^iwledlfl 

AlS%iacaeM 
lesakt  la  very  Ihde  e 
aaall  tall  cell  eaMti 
dewlyeadlakaatlOS 


la  dM  vdae  of  B  to  B  -  a46.  Figure  2c. 
oage  ia  dM  iaaability  doM  totwry.  A 
BS  at  akoot  96  levoiMioos  aad  grows 
Morievatadoae.  Over  dM  oen  few  rotor 
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^mSUktiSSSi 

IMlaflitV  flt  lift 

■■■Wy  WSOT^V^  W  HV 


MOwakoMlSftarttidia 
i«MiB>0i40.  lltalaMila 


■dloilM30%«MiaB«alMof0L4a  tuning  ftwn 
■II  ate,  dw  mB  apin  gpm  iMD  hi  Ml  «te  » 

10  nvokiiiaaa  dmg  Bn  aaeond  ana  cycle.  Since 


I*  aeap  cycln  «aa  lower,  only 
TtWC  of  ihn  original  diiclMned  pwan— ia  icbowmI  and  M 
waBagaaBwIileiipaiBniBwapaaidwicrrwMaphnnofM 
■aGOMTiina  cyda  ia  oven  kner,  wMi  2S%  of  M  aaaihBani 
aaU  alia  behig  nininad.  UnUka  ihe  B  ■  0.40  caaa.  the 
■oingreiaor  aiBw  0,46  andeifeea  one —waie  cycle  bwOw 
recovery  ia  very  weak,  win  only  40%  of  ihe  diacharged 
paaaania  racovcwd  and  70%  of  ike  maaimnm  anil  cell  aice 
maincd.  Sdll.  ike  conaprcaacr  cniera  dn  4ik  anrge  cyde  but 


'  ranker  incwnaing  the  ptecam  vnhinir  lo  achieve  B  > 
CLTjMaanlniaaclaaaie  n^  inanhffiq^f^iia^  nm  ihai 

cal  cnaertea  and  ofUtf  nowa  fano  ha  fhl  alaa  in  chont  7 
nvolodcnt,  FordwnanlIiaiarn«alndoaa.tefandngcadl 
cal  anya  idalvaly  conaut  At  134  icvolndona.  londng  aall 
gnkkly  dlaaginata  aod  dn  oongRaaor  la  «— «iu.i  gngi  n^ 
alaonn  anna  dhchargiag  again,  addi  dw  cyda  dnn  icpcadng 
Unantenu  NaaadManftetenindiigaMI^^ 


laada  lo  a  growing  hyaaeicaia  loop  eo  the 
np.  La.  Bo  flow  ia  not  ahn  n  aaada  hMo  a  anndy 
a.  Alao.dMroianoicvewaflow.indicadngdwt 


■pnong and pcraha donaikwa dw aarpe cyde.  AiaBvalaeof 
dl^i^Mlidn**  dSaaroniBiiMfy  ''*^beii 


dnia.  At  a  Bvahw  of  0176,  aam  cyda  cxianwhhoai  ranting 

fliriUn  IhSOB  IIM  tfffeRSCS  bfllWCS  ctUBC  tfid  IBOtfficd 

adfe.  BgnraSBhwnanaiheiangaofBparamenninwhidi 
dn  hehavicr  typicd  of  modified  targe  cdan.  Qtdner^  (S] 
nmdlfiad  aarga  cyde  would  edn  over  B  pnramenr  nnp  of 
0l65  to  1.0.  m  CL  al  rn  had  modified  anrge  cydea  over  a  B 
lanw  of  0.7S  to  IJ.  ThehraadneaaofBparaonnnihrangh 
which  modified  anrge  ocean  ndtaMea  the  unportaoce  of  dna 


dw  owdified  anrge.  or  the  targe  hcoaency  wna  ptevionaiy 
ditenaaed,  Shwa  dw  OPT  enelyaia  of  dw  imme^  ptcaaate 
wiponae  nfcea  dw  fint  harnwaic  of  ooe  cyda  of  data  of  a 
ipowa  pwwB  or  ■  is  iBBomwiy  mmmbi  oni  nc 

apadfied  ftcqnency  nr  dw  DPT  anaiyaia  he  m  acenrate  at 
poaaihle  m  nhmmie  leakage  etrats.  TMerrarinihaapeclied 
lOtaBng  ataU  or  targe  nidinion  ficiincncy  mnat  ha  Ian 

The  Oabor  Tianafoim  ia  aaed  to  genctme  dw  Gabor 


ndaa  an  lilniiifiad  tar  dw  fan  rannwiiiir 
oniignrationa  Plgmn  4  ahowa  dw  Oahor 
tar  dw  1**  atage  ramr  hlada  tow  Icadng  edge 
•a  ptnianrn  naadneer  tar  dw  tanr  iaatahlity 


hnnwhy  of  dw 


a  chcnmfeaantial  flow 


■matcahownhydw 
Since  Ihe  ptcaanie 
lag.  dw  ranting  aaaU 
w.aincaamgeiaaoi 
I  anrge  freqnenciea 


lAmmtMmti  ia  ■■ 

21.9  Ha  m  23  Ha  hi  dw 
12JHawdwabadmata 


The  ramiini  atall  apeeda 
le  oonfigmanona  vary  tram 
etarance  fianw.  13.6  Hz  w 


PIgnre  4  ravcala  that  dw  relevant  roiaiing  ttaU 
ilaqiMoeiea  emerge  nappremmmely  100  rater  levohnionL  The 

Ha (l/.6 Ha^nkaolmdaodrtanghig toU>lHa(l^ Hz)  lo 
24.7  Ha  (I2J  Ha)  m  23  ItaflZ?  Ha).  FOr  B  -  0.4.  the 
modified  anrge  doaa  m  pmc  ratadng  tnU  cate,  the  idevam 
fteqnenciei  am  dw  targe  ftegncncy,  1.17  Hz.  and  dw  ranting 
and  ftcqnency  of  23  m  (lu  Ha).  Unllw  dw  ronting  ataU 


at  Bd).4  doaa  am  nndergo  large  chongcL  For  the  modified 
anrge  cam  of  BdlAdk  dw  perthwat  ftconendea  are  the  anrge 
fteqaeacy.  1.2  Ha.  and  dw  fteqnency  of  dw  mndng  tnU  cell 
whmndw  amp  cycle.  ThaioniinganBcefifieqocneychaiwea 
indwflmamgecycleftomapprorininrly  22riz(l3.3Ha)io 
23  Ha  (12.3  IM  hi  22  Hz,  aner  which  me  oeie  ratedag  tnU 
fteqnency  ia  23  Ha  (12J  Ha).  For  dw.claaaie  amp 


Idevam  ftemwaciea  are  dw  amp  fteqaeacy  of  0.73  Ha  and  dw 
mndng  anU  cel  fteqnenciea  of  22  Hz  (13J  Hd  lo  27J  Hz 
(lOJm).  Nmeihm  An  warp  ftwnnniriM  ware  ffmiiiHit.  |y 


fteqaeacy  whh  dw  largen 

_ 1_  - c 


iyaia  it  performed 
magniindB  The  re 


tariUa 


The  two  vahwa  in  dw  %  apraad  oohna 
dw  perceatap  of  variation  feem  the 
ftaqaency  tar  dw  OPT  anaiyaia  of  Bo  U 
dw  rotadaa  ataU  ftennwwica  idea 


pteaeandiaTi 
of  Ma  table  ic| 


RecaU  that 


Her  the  OCT  analyrirefBo  Mail  and  dw  low  vahwa  of 
ig  ataU  fteqnwwica  ideanfied  whh  the  Oabor 
n.  The  negative  %tpieadicpwjema  a  fteqaeacy  lew 
ipecificd  fteqaeacy  and  the  poatdve  %  apread 
a  fteqnency  mcmer  dna  the  specified  fteqaeacy. 
t  fteqaendea  m  errar  by  20%  wonid  yield  enora  in 
10%  Ml  40*  lemwahidv. 


ftacmg  fimedoo  teaal^  ftora  the  ranting 


praaeawd  fat  Pigaan  3  thronp  8.  Theae  tarciag  ftwedoaa  are 
dw  raiadag  ttu  fteqaeara  componem  of  the  total  naateady 
velocity.  Bach  of  theae  fbpnca  pteaenu  the  aotamwite  and 
ttanaverae  gnat  vdocitiea  a*  and  v^.  dw  mean  rotor  tetadve 
vehwiiy  W,  and  the  mnpinide  and  pheae  of  the  saeamwiae-to- 
nanaverse  gaatiadonVv*’. 


The  ranting  tnU  facing  ftmetion  tar  BaO.26,  the  pure 
ratadng  atatt  inanmUly  mode,  ia  ahown  in  Rgaw  S.  Until  100 
rotmievolodooa,taetoeamwiae  and  aanavene  gnat  velocities 
arc  low,  lem  than  3  ftft.  and  dw  mean  rowr  relative  vdodiy  W 
taconanmatapprozicMtely  llPftft.  InanbUityiacaoonmered 


5 


Si 


cjckL  Vahwara^’M 
I  te  eoB  of  the 


of  ig( 
iginBMUt 


■  lAboniBii«2J 
BBhnoikefm  is 
sorUiB><U6.te 
m  ISO*  wknlaiie 
n  AohAo  (T  onae 


IS  Wb  or  12%  of  d»  pn-ooriB  ■«  foiar  fdttive  vdodqr  W. 
The  iBo—wise  goat  votooijr  lomeini  at  this  valoe  aotil 
Hwoahnawly  ISOwriaiolBiioni.  Bhen  iidegeaset,  flw  by 
2TOaod%aoby3l»b»ioachaialaii»emiiiiaBUHiiatl70iBiGr 
lovofaMioaB.  At  Mb  daic;  dNUUMiBin^^gM  velocity  nphBy 


sargB  doa^  dasikimB  CBBB.  Ba^W^  pBBBBoiBd  ia 

*a  laaamw^aadwaMww 

vafcggal^pwSBiiy  MMUaiaachagiadaiooB^^ 

lBi«r.betweBa»iai?§l>AfajliSBiSorT^ 
vaiaa  of  the  aaaaaiiriwi  gait  volociiy  aa  coiBgaiad  lo  the 
aaaawenB  gpM  valochy  Is  MlacMd  la  iha  a*/v*  gait  ooatpoaeai 


lacBwyphaaa of  ihBaaidflBgaagB  cycle.  Thephaaaof  a*'M 


wcoadawdIfiadiBcgB  cycle.  TheoacgatadeaflfaesBcaaiwiae 
gait  coaMaaa  to  dacBBaae  aa  the  iwatiag  nafl  ianeaace.  hi 

UAhaad  leaMas  at^te^wiS?BBtil  140  loag^nhainni 

aSgaKyi^  «*  «•* 

The  aaaaa  loiar  idarive  vdadty  locd  10  the  Hage  cycle 
WateieipaodBiodeaadifiedsafgeiaHibility.  Mono  110 
laaa’ievolaiioaB.WitagpiaaieiaiBlyoaaaiaatatUinA.  At 

dw  oaaei  of  the  modified  sane  qFC^  W  oadetfoes  a  saddea 
aad  lagid  docekminB  to  110  This  owaa  naor  lelaiive 
vdo^  is  %ea  aMataiaod  daite  the  con  aad  adt  of  the 
oaodlMaBge  cycle.  OariagiaiiiaBoahaoiheaecoadiaodified 
targe  cycle,  ihe  amaa  leav  idaihre  velociiy  agaw  tovts  lo 
deoeaae  10  IQS  ftA.  Thedeewaseia  Wespcrica^darogthe 


6 


At  iMiU%  oMi.  iw  OMVriMd*  of  vVr*  iwmnn  npidly  M 
lOiaaMiaidaMHiy  lOioiariwwiMioBi  mi  Utimimi  bcww 
4  Md TTMag  dM  dndofiMM  of  dw  aodUtod  aaii  cycle. 
At  d»  cod  of  200  lonr  fmohiiiaM.  the  oMfoioide  of  it 

■oolbcc— 

_ Tbo  piMMc  of  tt*N*  provldcc  iafonaodoo  obooi  ike 

pRMoco  of  MO|e.  hioc  M  dv  snn  of  dtt  nodified  toi|0  cydCi 
dH  ykno  ii  coonody  ckoostoc.  IlBiww»ei  kwitaility  ooset< 
dw  okoM  ckoone  ky  110*  boil  dM  pw  owdUkd  aone  valoe 
■MinvsMaoaoiaMilevdof  appmomMiyldO*.  TMmddw 
cad  of  dw  oMMoioaHoi  period.  OMV  190  mar  fovolodoai.  Ike 
^Me^ofJi»^'^aadei^e«‘  i  large  ckaago  dae  to  ike 


Tte  aaaavcne  pac  voiociqnr^  la  kaa  I 
Ike  ■■«»wn«Mi  I 


OtSMoadl 
kwiabiBiy  U 


The  Biarieai  bekaricr  of  dw  oieaa  lowr  fdadve  vohiciiy 
W  ia  akailar  to  dwi  darlag  dw  preWoaa  hwwMlhy  eaae. 
Howevor.  dw  hdiiel  decKaae  ta  W  at  dw  iaaaUitiy  oaaet  ia 
lower  byTftfk.  100  bb-TMaMkawadwidw  modified  aarp^at 
lUO.46  iavoivca  a  deeper  aarge  cycle  tea  at  8^4.4.  The 
aecoaddeemaaeiaW  ia  leaa  dwa  2  ftb.  laaaldag  ia  a  owaa 
laiBdvevelaeiqrof  KBftb.  ThefiaaliapiddeeRaaaiaW 


aaige  cyde.  widi 


The  taciag  fiawdoa  ia  alao  picaeawd  ia  wnaa  of  dw 
1  gaat  cowpoaew  tado  ia  Hgom  10. 


aowdin 


a*Ar»i|Bickiyiacicaaeawavahwcf9atabooil20iow>lMtioaa. 

Tfc»«*^M«g»iti.iili.tlie«deeiM«e««iii«»  Ilia  magWiMdnrf  the 

:  deereaaea  while  dw  aoeamwiae  gaat  remaiaa 
whiag  a  local  adakiiBm  of  4.S.  r 


<0f  !!♦/»♦ 


Mft  iMSklCtlV 


_  cyck,  a^M  flactaataa 
lofdwr 

of  madag  atail.  lc.  ihe 
gaat  ia  vary  amall  aa  ia  dw 
I  dw  oolay  gaat  ooapawai 
tada  Thephamofa^Ar^iavanraiedlariodwtofteawdifled 
aaige^B»0L40.aategelagall0*ckaageatteimw 
tewakUiiy  bafiac  aaoiiag  to  eoaawat  vafaw  of  appnaiawaely 

la  dw  daaaie  ao^p  awde.  B-0.76. 

^-e-  -  --  -  _  « 

IBB  BD^DMB 

ngoR  II.  The 
akoot  It  bb  at  iaawfaliky 
aaeoad  aarge  cyde  ia  oaeoaaiamd.  wkh  dw 
«dacliydwafliidwriaGmaBiagie20ftA.  TUa  aaeoad  vdodn 
I  ia  dae  w  dda  daaaie  aa^ge  cyde  arowiag  ia  aiae  wn 
Skailariy,  dw  Baaawne  gaat  veloctty  ia  nadl  oadl  dw 
of  te  iaatahiUty.  The  aaaivene  goat  vdoeity  tea 
I  tapldly  to  a  aow  vahw  wkh  each  aarge  cyde.  The 
Idoa  to  a  aaw  vakw  ocean  at  te  eaaaaoe  aad  d 
icydo:  Now  te  aipificaat 
1  mfcciy  la  cm 

_ » cydaa:  6  bA  aflier  te  fiitt  cyde,  t  bb  afin 
eyda.  a  vahw  awio  dwa  twice  that  dar^  te 
cyde  at  8^46.  The  awaa  rotor  ictevc 
I  a  mad  oppoake  w  te  aOKaaiwite  goat 
vdoeity,  docnaaiag  abem  0*  hKaaaaea  aad  iacnaaiag  when 


lapidv 

Koadli 


w 

Ike 


dweaitafte 
w  te  valaea  doteg 


The 
FIgoia  11. 

UBIWB 


At 


1 

o*’/r*’ 


SJ  oadl 
of  oVr^ 


aad  phaaa  of  a^M  ate  alto  thowa  ia 
ia  te  laagakade  of 

Thia 

of  aVr^  ia  diCbnat  bom 
ia  dwt  h  doea  aot  eddbit  a  peak 
itade  of  iacreaaea 
W  SJ.  The  laagaiiadr  of  amra 
130  rotor  rcvolaiioaa.  The 
w  decrcaae  rapidly  oodl  obow 
ahrwt  aod  te  owgaiBale  of 
2A  Thephm of  o^Ar^  aadergoea  a 
iwonooBsi 


of  o^Ar*  rlaea  aad  falla.  At  approsiowiely 
of  a*Ar»  aedea  to  approniaatdy 


dwtte 
140 
MO*. 


The  aarge  Iddag  fiawdoaa  are  akailar  w  Ike  lotatiag 
aaall  fiotdag  faactiea  ia  aevcid  waya.  The  aireamwiae  gnat 
vdodty  aodte  meoa  rotor  reladve  velocm  fbUow  dw  aaaaieat 
fiew  bekarior  of  retadag  ataB.  te  modilied  aorp  aad  daaaie 
tcydea.  Alao  te  levd  of  te  aaeaoawiae  gnat  vdoeity  U 


85Sg  appnwiiitely  23  bb. 

gnat  rkmiri  with  iaatabUhy  onde,  kdag  te  lowett  for 
BdkdO,  having  a  peak  vahw  of  aboat  23  b^  aad  te  iatgeat 
bir  OdkTt.  haviag  a  peak  vaiae  of  aboot  8  bb.  The  gnat 
■«  ndoe  nr  both  te  rotadag  atall  and  antp  forcing 
fbacrioaa  are  aiwilar  ia  that  te  maaiew  behavior  nacka  te 
iambility  behavior  ia  gcrwral.  bat  differ  ia  te  nwpitiidr  of 
nVr*’.  The  rotating  ataHcndtadooreanha  in  a  lower  magainidr 
of  te  goit  coaapoaeina  tado,  nVy*  leaa  than  3.  while  the  amp 
eadiatioB  haa  a  larger  gnat  conapooent  ratio  magnitude. 
n*Mnaging  bom  4  w  14. 
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TIm  aitriMdB  iMl  rImm  of  Ike  MMMdy  Uft  M  dM  1* 
«a|e  imor  UidB  figr  dw  Ikar  iaenfeUky  laadet  Hc  *a«ni  ie 
Ham  12.  TiNMMedylillieMdkHdBipedaeidMiaiarblede 
leepoeM  le  dw  iWMieg  tteU  meitedM  since  ikc  AeaeMdes 
wlcrwJfwda  D^^Uy^tdsicrifaedqflto  ne  diefWM^ 

iadicsiet  dw  picsawe  of  e  pkyikil  eme.  Lc.  dn  nadng  sttIL 

Fi|we  12a  picaeatt  dw  aaswady  lift  mMniiarte  aad 
iHhff* fTfihifw *hf Tffiiihtt twH flttWMmdy 
Eftis  vovlewnadiJastbdiDn  lOOnaorievolutioas  wfceadw 
iQwr  Ueoe  aaddealy  leapoa^  M  dw  fomiat  swlL,  dw  aaawa^ 
lift  awgakade  voy  niddly  iaoeasiag  ftoai  a002S  psi  M  OiOl? 
Rii  la  appcoiiaitteiy  10  rawr  levokiiioas.  Thea  dw  ronr 
lespo^  10  dw  powdi  ia  sttU  cell  dqah ,  with  dw  aaswady  lift 
owpatade  iaciCTslag  skwly  fton  0.017  psi  to  0X015  psi 
Thm  Beads  cenespoad  10  dw  daw  Usian  of  dw  traasvene 

CdBeioiaaaiatsinlle«iiadaa.FifaKS.  Atdwsaawdaw 
dw  naswa^  dn  owgaiaide  siwiply  ianeaaes,  dw  phase  of 
dw  aaswady  Iwl  heceaws  cohcaeat  •  iadiosiiag  stall  cell 
ptopafadoa.  Rroai  abeat  100  rotor  revoladoat  to  ItiO  rotor 


stall  wave  is  slower  dwn  the  spacMed  fteqaeacy  of  24.2  Hz 
(13.3I1Z).  TlwactnaltpeedatrotadagsaBincepiioois21  Hz 
(17Hs)perEtewdon2.  After  160  rotor  revelations.  dK  scowl 
tisll  spe^ batter dwa dw spadM  vahie of  24.7  Hz  (12.8 
Hz). 

The  rotor  blade  aaswady  lift  awgahade  and  phase 
letpoim  to  rotadagjaall  ezdtadoa  doriag  andifled  tarpe.  B  > 
0l4),  is  thowa  ia  ffgiae  12h.  Tlw  behroior  of  the  awdified 
sarte  which  is  characteiiMd  by  approafanawly  1 J  cydcs  of 


Uadi  approahaatsly  100  rotor  tevobaiOBt.  dw 
siBriais  hwv.approaiawiBly  flu002  pei.  Thea. 


dw  flat  sane 
of  QjOlSpw  I 
dwa  aadciio 


Hagaweedylift  Wmsaei  very  rspidly  toils 
fee  aazt  IS  rotor  revolBdeas.  After  dw 
'  Bcnaae  is  reached,  dw  aaswady  lift 
1  diriM  ott  oonpicMor  fBOOvciy  pviodcf 
■d  laachaa  dw  locH  afedasaai  aaswady  Bft 
il2Statorrevohaiant.  The  anweady  lift 
\  non  snoH  fhcooMioMa  *i**»^^o  lo  oo 
Itade  of  010275  psL  These  flacawiioai 


veloctiy  of  F^are  6.  The  rotadag  snO  wave  is  seen  by  dw 
cobereace  of  dw  aaswady  lift  phase.  Atapprosiaiew^  100  rotor 


AnnoraKmBnr  iio  mornmoniwiii  oi 
htdicadag  that  dw  awn  speed  la  24.6  Hz  ( 


aa8eedof23Hz(14Hz). 
a.  ne  phase  beooBws  flat. 
HzdiBi^  Daring  dw 


22.9  Hz  (14.6  Hz).  Daihig  dw  peak  of  dw 
nage  cycle,  SI  140  rotor  lev^edont,  ibe  stall 


speed  Is  wpia  24.6  Ifc  Rem  the  recovery  period  of  dw  second 
sarge  cycle  and  dw  settling  iaro  a  steady  swBed  opendag  looK 
dw  sw  speed  changes  mm  24.2  Hz  (13J  Hz)  to  2i.7  m 


dw  stett  speed  changes  ftom  24.2  Hz  (13J  Hz)  to  24.7  Hz 
(1^8  He). 

Rgate  12c  shows  the  unsteady  lift  doe  to  dw  rotadag 
siaU  cschadna  dar^  dw  awdified  airpecy^  B^46.  The 
peaks  ia  dw  unsteady  lift  cwiViiuuial  to  dw  peeks  in  the  saeagdi 


of  the  rotadag  twlL  At 
rotadiw  Stan  emargM  a 
UBSWsdy  lift  awgsaude  a 


lapidly  pbws,  with  dw  lesoldag 


one.  Thea 
of  dw  (list 


modified  sarge  cycle  but  iaoeeses  aad  dea 
ceimponding  to  the  second  end  third  awdified 


Again,  dds  bdavior  reflecw  the  dwngn  in  dw 


Md  sarge  cyce 
rotadag  awU 


to  Wa  rotadag  add 
psL  Itissppwaai 
daring  the  variew 

oMwateanS 

awarimdaofthas 


— — 


of  the  phyrical 
oelL  WMdw 


This  is 


inihis 


ad  fhmaes.  ftom  23  Hz  (I4J  tfa)  to  25Hz 
Hs(14J  Hb).  Now  dwt  ia  the  two  awdifled 
psem  12b  and  12^  dw  enewadv  lift  phase  says 
fee  seeovety  aeae  of  each  modified  sarge  eyefe. 
oaring  saw  is  elwtys  presem  daring  me  surge 
wgecyckL 


The  retor  hlada  aasseeia  aft  end  phase  lesaldag  ftom  dw 
lotsdag  stett  ncilsrioa  dining  the  dassiesmge  cycle  is  prtaeawd 
ia  ngure  12d.  Anale|em  to  dw  rotating  stett  generated 
aaasvefse  gust  awgahade  of  Figure  8,  dw  daw  history  of  dw 
iwtirsdy  lift  awgaandr  cieariy  shows  the  aanae  of  dw  classic 

asSSteriywlflSwwravoiaiS^mcMngiapSkwSi^ 
0X32  pal.  ssril  than  damears  jast  as  laptdiy  to  as  pre-surge 
lavoL  This  is  in  coaaatt  to  the  blade  row  response  to  me 
rotadag  stall  awdlfiad  taape  qrde  ezdtafrn  where  the 

SdacS'wfpmmSaSeli  baraatf  of  SemaSiripwa^ 
of  rotariag  stall  ihrwghnat  the  sarge  cycle.  Thte  differeaee 
benraea  dw  modiflad  wri  dasaic  sarge  cycles  is  also  evidem  u 


100  rotor  levohaioas.  icachiag  hs  peak  vahw  of 
than  damears  jast  as  laptdiy  to  as  pre-surge 
ia  coaaatt  to  dw  Unde  row  response  to  the 


Stan  widda  the  sarge  cycle  is  no  longer 
Btae  racoveiy  periods,  widda  dw  aarae 


piVMSi  dvtef  Aft  Sftff(ft  iftcovciy  pcriortii  wiAio  tte  sofgft 
cycle,  the  imatiag  watt  speed  changes  ftom  23.S  Hz  (14  Hz)  to 
26l8  Hz  (la?  HrilB  23Jlfe 

In  gaomgiiy,  iIk  l^iwge  tomr^^  icipoads 


aaswady  nik  is 
beiag  040  psi. 


awapmssarhatafaflity  awdeconfigaradnnt,  kisevidcat 
never  rewriag  stall  is  present,  the  icsahingiiwziniani 

0  pei.  wiB  not  awoagiy  affected  by  how  dw  rotating 
!  geiairawd.  This  is  because  dw  excitation  taasvcfse 
pdmdeisappfBaiBaaielyconsamatTSftA.  TlwO40 
i  of  the  anweady  lift  repreaens  uproximately  27%  of 
y  lift  jaw  befiae  dw  onset  of  instafaility,  esdinawd  u  be 
aately  0.11  psi  w  9*  incidence.  Tlds  steady  lift  is 
d  ftom  prerioos  steady  loadiac  data.  Abo.  tbe 
II  nf  ilai  antwart]!  lift  phsir  ii  s  rirsr  'rnlirimr  nf  ihr 
of  a  roaring  swtt  wave. 


Rgare  13  pressnii  dw  nwgaimdr  of  the  unsteady  lift  on 
the  1*»  stage  rotor  hiadegeaesawd  by  a  swgeexciiaiion  for  dace 

These  are  dw  modified 
sarge  chwe  to  pore  "«*—*■»■  aw  at  17  Hz.  the  aaidifwd  tatgr 
dom  todaasw  SBigB  w  l.f7  Hz.  and  classb  surge  at  0.7S  Hz. 


of  the  pham  daadbwnioa  reaaltiag  from  the  lepeddon  of  daa 
poima  for  the  DFrmalyab  of  the  aaswady  pressures. 


The  modified  surge  dose  to  pure  rotating  stall  cyck  b 
initiaiii  It  approximatdy  100  rotor  revolutions,  with  the 
unsteady  lift  magniinde  iaereaswg  very  sharply  to  0.007^ 
where  there  b  a  SBghtldliadwwawth  of  the  unneady  lift.  The 
unsBwdy  lift  nwgiMnde  thea  ooniiiiaes  to  rapidly  increase  until  a 
maxiiiiBm  unsteady  lift  oi  OuOl  1  pri  b  achieved  at  the  end  irf  the 
first  modified  sarge  Cyde.  The  increase  ia  the  unsteady  lift 
tusgniBide  aad  dw  dine  of  maxhnnm  lift  cocrespoud  to  the 
aansaem  behavior  of  the  traasvene  gust.  The  decrease  in  the 
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iwloww  cowpWMor  flow  1118  iifcachedMdiiWMawMdy  lift 
wIvpMS  8  piviod  of  slow  Ibobsn*  OviispclMVBOowy  sooc 
of  dw  lint  ey^  dw  OMiMdy  lift  cowiBMS  M  iacnaM 
Md  Mis  ai  MBy  iaio  the  swond  modilled  nm  cycle.  The 
peek  iMMBedy  8ft  mcRiaide  neehed  dviaf  ddt  cyae  ii  0l013 
pei.  sli^y  Mglwr  dM«  that  widi  dw  B  >  d40  oaodiflcd  nrge 
eycteTTlin  d»  oMKNiy  lift  aaagidiiide  dacmiat  fidfiy  tkmrly. 
hi  ceanaai  lo  dM  prvvkwa  case  whae  the  aBHeady  lift 
aanaiwde  dacitaaed  to  a  value  of  0X04  pd  ia  IS  loior 
lavalaiiaai.  vanat  SO  nnor  levaladoaa  ia  dda  caae.  The 
lanaaied  oaai^y  Hft  dae  le  aarpe  ia  dae  u>  the  deciaaaed 
laiMhuaiall  with  iacwaaed  aarpe  aateagih  airi  catieapcada  lo 
dtt  iaoRaaed  value  cf  dM  uaawene  peat  vdocBy. 

Far  the  daaak  aarpe  cycle,  the  aaaieady  lift  atapaiaide 
aiam  id  iacwaae  at  appiasinaaety  lOS  row  lavaladeaa.  with 
dw  me  of  tacnase  iaaialty  ataailar  ID  the  two  taodified  lam 
cam.  However, ia coaBaaiio dwae taodified aaipB caaea. the 
aaaiaedy  lift  deea  aot  decieaae.  laatead.  the  aaaieady  lift 
caadaaea  lo  iacreaie  dBoaphout  dM  cadra  aam  deveicpaeat 
period  far  wkieh  the  data  an  aeqalied.  nia  ia  alao  ia 
eemapoadeace  with  the  aaaaverae  paat  caaipeaent  dae 
hlanry. 


cydaa.  Jdab  dan  dMuKieaarfpieaeaarfiemiap  anil  ta 
aa  andUad  aatpa  cydea.  AlaObahMethetiindifiwI  aarpe  cycia 
■aaafora  fawo  roiadap  anil  with  dae.  the  aaaieady  lift 
aMjdiade  leadMa  a  martmam  and  thea  decrcaan  with  daae 
wheiea  Ae  daaaie  aarpe  eactadoa  doa  aoi  aoaia  a  taaxiBaaB 
eaiwadyUft. 


A  direct  CBBMariaoaefdM  aaaieady  BftwegaitBde  to  aot 

« a  randap  atall  ct  aarpe  u  tacn 

■Tata  iaciapemed.  AP  tacihod  to  utilized.  Noie 

dMt  far  taea  roiadap  atall  aad  aarpe  fordap  fdaedom  the 


AVdWBHiiMh  wnMOaoM^mmaasoM  Thu  fDttCiBS  StStt  SBTBB 

forSpftncdooa  ne  qaad-aieMhf  as  iheir  ftegandn  ere 
litacdeat  of  the  nsor  faadameatal  fteqaeam.  with  redaced 
feeqoeades  of  00033  aad  0.12,  below  ne  020  Hnadap  valae 
aaomad  by  tanoa  (10]. 


The  AF  aaalyato  resalo  an  enaeatcd  ia  tcran  of 
predkMd  Uade  vibradon  leveto  nondlmciiaionalind  bv  tte 
aaaxinam  leveL  Equation  6  ahowa  that  the  prodaa  AF  u 
prapoftioiMl  10  the  paat  laapnitiide.  with  the  propodo^iy 
canataai  baaed  oa  ateady  flow  pannieters.  For  these 
ww  pm  steady  flow  ooefnekat  to  of  aaii  order. 
Heaoe,  the  vibcadoo  leveto  penenlly  follow  the  past  Beads. 
Paithenaen.  sfnee  the  miaiiap  staO  u*  taapdiade  to  at  least 
twice  the  v*  napaitade.  Flpares  6.7  aadP,  sad  dM  sarpe  a* 
10  7  dtaes  the  v^  inapnitiMle.  Flpares  9,  10  aad 


tl.AFhaB 

Thtoianfli 


With  B-a4.  *e 
lyooaaMaifirdOn 


iadaced  vibraiiou  levd  is 
aladeas  after  dM  iaatahility  is 


vihradoa  level 
eonpoaeai  to  aa 
The  roMdapaM 


dMtfornttdapsMil 


aai.  the  roiadap  anil  iadaced 
decreases  while  the  surge 
dM  first  70  rotor  mvoladons. 
adoa  thea  icoMias  high.  The 
ihM  to  appreaiiiMiely  2S%  of 


The  vihrarinaal  lespoan  treads  an  stoailar  when  B  is 
iacnaaed  10  BidMd.  HoooverdMvihmioo  level  tfaM  to  turpe 
renaina  at  the  high  levd  alansi  40  mior  revoindoas  loaper. 
Bntattng  stall  iadaced  vihndoa  fallows  the  cyclic  behavior  of 
aarpe.  with  the  vibndoo  levd  at  dM  cad  of  each  surge  cycle 
heeonbig  higher  due  to  the  iacnaaed  laeaeaoe  of  romug  stall 


A  funher  iacnan  of  B  to  B^76.  the  sam  penetaied 
vibiadoa  to  higher  than  the  pnvioas  two  cases.  3^33%  of  the 
tiMibnant  romiag  stall  value.  This  to  because  rotatiag  stall 


aarpacyrMii  iMBOBtaeaMiBaaeBaMpevOHynnciiM 

la  t»M«hatiy  iMiMi*  pio  predicted  ■—»»»«««««  surge 
vihradoa  is  ooasidenbly  — — io 
niadagtialL  TheioHdagaMlloaaMadyliftBMgBioideistorper 
dMa  dm  dae  to  aarpe  ia  each  iaiiabiliqr  UMde  as  wdL  Tim 
with  repard  to  blade  vibndea  aad.  hea^  aaeas,  rotating  stall 
faicing  faacdoaa  an  of  gnaier  concem  than  those  dae  to  sarpe. 
Baeepdoas  to  this  fSMtiaaiea  adght  lesait  ftarn  the  iiaasieat 


IhewnprBSicrantMadyanodyBaBBefBicuigfBnction 
aad  icsaldag  aaoMody  eenAraaMic  lespoase  to  rotadag  stall 
aad  aarpe  —»!*»—<"■«  dariap  the  various  ootapresior  insMbiliiy 

laieaidiuaapnMBr.  ThofaidagfcBdonwasiacatarBd  whha 
rotadag  Groes4ni>winpnbe,widi  the  lesaldag  I*  stage  rotor 
blade  leaponn  aaeaaard  whh  Made  satfiMe  looanted  dynamic 
presien  traaadaccra.  Differem  comptcsm  iaatability  modes 
wen  pcacnted  \ft  vanriag  the  conqMrsior  voluine  whh  the 


The  naariag  atall  forcav  fancdon  to  dtancterind  by  a 
large  sacamwtoe  goat  vdodty  oataponeat  which  tracks  the 
behavior  of  the  ceayeaaor  iastability  node,  iacreasing 
eoodnaoaaly  dniag  the  pan  toodag  stall  iaatability  mode  and 


and  daadc  sarpe  iaanbOity  nodes.  The  inasvcrse  past,  in 
conBatt.  iacnaaes  very  abtapdy  at  iastabiUty  onset,  with  the 
past  velocity  wrnainiagHMiiTmaitsntrTiTptwtirrr  the  level  of 
rotadag  snil  to  vary  low.  la  addition,  the  inagnitude  of  the 
SBcaiBwtoe-to-BBBSvcm  past  ndo  to  large,  2  •  3,  shnitor  to  the 
fladiag  by  Khn  and  Heem  (16,17]  when  iacnaaed  valoes  of 
dM  past  conponem  ratio  wen  obecrved  whh  separated  flow 
foreSag  fanedOBS,  Le.  rotadag  stall  rqneseats  a  severely 
sepaiaMdflowfMcingftaMdonioabladeniw.  The  saeamwise 


The  surge  foichig  fuacdoo  is  characterixed  by  a  large 
streamwise  gust  velocity  component  which  tracks  the 
.Mir  iiwwhiUty  hatMivinr  It  iocteases  at  suige  initiation 
and  then  either  decraases  due  to  the  decreased  surge  content  and 
increased  rotaihig  stall  content,  or  increases  in  the  classic  surge 
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The  unsteady  ■erodyimnte  reapon»  ii  miaitifled  by  the 
ymieady  lift  tcflecu  the  basic  beuvior  or  rotatiag  soil. 
iociaMWtcoiiliiiiioiislydMMmliepwciotMiinitsUiatiabUity 
mode  SM  iacicaiiiig  ud  demaswi  weaidiflgly  during  dM 
nodifkd  surge  and  dasstc  surge  InsiabUity  inodes.  The 
nuntanum  uoai^  Ha  due  to  dw  nuadng  sadI  excttsdoo  dinig 
dK  differm  iasiaMiity  nwdes  were  apiiraitiiiattly  constant  in 
vahs^  being  ndependem  of  the  instability  inode,  thisnnsieady 
lift  is  approximaiely  27%  of  the  steady  in  addeved  by  die  RMor 
Unde  jest  before  the  emet  of  the  oompressor  instability.  The 
unrieady  Uft  due  lo  the  nrge  eadtadoo.  in  conirast.  showed 
anting  dependence  on  the  insndiiliqr  mode. 

Gatrenanding  to  the  magntttide  of  the  unsteady  lift,  the 
predicted  blade  vibration  and  hence  the  stress  levels  from  tte 
<|uaai*sieady  AF  analysis  also  indicate  that  rotating  stall  is 
potentially  mere  damaging  than  surge  to  blade  life,  being 

IppHIKItBMCly  J  10  4  DPHi  inB  IMIIOU  VHmUO  KWIS* 
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Table  1.  AiifoU  and  Contpremor  Characteristics 
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Figure  0.  Bntuting  Stull  Uasteudr  AerodynuBle  i 
Fordnc  Function  During  ModlBad  Surge ' 
Clooe  to  Pore  Rotating  Stall  InatablBtf 
Mode  (12.9  Hi  or  24.0  Hi  Rotating  Frame) 


Flgttfe  8.  RotaUng  Stall  Uiutaady  Acrodjiiaiiue 
Forcing  Function  During  ClaMtc  Surge 
Initabliltr  Mode  (11.7  Hi  or  25.0  Hi 
**o*»*>ng  Frame) 
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Figure  7.  Rotating  Stall  Umteady  Anrodynaxidc 
Forcing  Function  During  ModWed  Surge 
Clm  to  Clamie  Surge  Inetabilitr  Mode  (12.5 
&  or  2S.0  Hi  Rotatfaig  Frame) 


Figure  9.  Surge  Unateady  Aerodynamic  Forcing 
Function  During  MbdiSed  Surge  Cioae  to 
Pure  Rotating  Stall  Inatability  Mode  (1.17 


ngm  10.  Svff*  UMtMdy  AModyaamie  Foreinc 
Fuactloa  Ontiac  ModUM  Sufc  CIom  to 
Ctaaie  8«tg«  laatobtli^  Moda  (1.17  Ha) 


PIgafa  11.  Swga  Uaataadr  Aatedyaainie  Porciag 
PaaetioB  Dvriac  CHaaaie  Sana  batabUKy 
Moda(0.75Ha) 
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